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INTERPRETATION OF SPECTRA, ESPECIALLY OF 
THE SECOND LONG PERIOD* 


By Ortro LAPORTE 
I. THEORETICAL PART 


According to the vector model of Sommerfeld! and Landé? the 
moment of momentum j of the atom is the geometric sum of the 
momenta r and k respectively of the atom core and of the (one) series 
electron. Because of the nonmechanical character of this vector addition 
and in order to obtain the right number of multiplet levels, it proved 
to be necessary to change the normalization of the quantum numbers 
r, k, 7, which were generally adopted for spectroscopic use.* In the 
course of development of the theory three systems of quantum numbers 
have been proposed each of which showed some typical advantages: 

(A) The Sommerfeld system: 

j.s=(r—1)/2, is zero for the singlet, 4 for doublet, 1 for triplet 
syaiem. ... 

ja=k-—1 is zero for the s-term, 1 for p, etc., always integer. 

J Sommerfeld Tuns from zero up, is integer for odd, half integer for even 
systems. 

(B) The Landé system*: 

R=r/2 is the permanent multiplicity of the system divided by two. 

* Published by permission of the Director of the Bureau of Standards. 


1 A. Sommerfeld, Ann. d. Phys., 70, p. 32; 1923. 
2 A. Landé, Zs. f. Phys., 15, p. 189; 1923. 


3 y denotes the permanent multiplicity, e.g., 2 for the doublets, 3 for triplets, etc. ; & is equal 


1,2,3.... for S, P, D.... terms respectively. 

4 A. Sommerfeld, Ann. d. Phys., 73, p. 209; 1925, Atombau und Spektrallinien, 4th Edi- 
tion, p. 587. 

5 A. Landé, Zs. f. Phys., 15, p. 189; 1923. 


1 
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K =k—4, starts with } for s-terms, is always half integer, 

J Landé is half integer for odd, integer for even systems. 

(R, K, J Landé) = (j,, 70,7 sommertela) +4 

(C) The Bohr-Pauli system’: 

i=(r+1)/2 is one for singlets, 3/2 for doublets, 2 for triplets, etc. 

kis the ordinary azimuthal quantum number 

J Bobr Starts with one, is integer for odd, half integer for even systems. 

(4, ky J ponr )=(R,K, J tance) +3 = (Js, Jas J Sommertela) +1. 

The difference between the three systems which was often unnecessarily 
overemphasized amounts merely to a different fixation of the additional 
constant of the three quantum numbers. 

As a consequence, the inequalities which govern the structure of a 
multiplet system and which give the well known increase of the 
multiplicity until the value r is reached, have the following form in the 
three systems: 


(A) jtjo|2 7 2 |j.—ja| 
(B) |R+K|—32 J =>|R—K|+4 (1) 
(C) lit+k|—12>je2|i—k|+1 


In a magnetic field each of the three fundamental vectors is subject 
to a space quantization. We, therefore, introduce three magnetic 
quantum numbers (m,, m,, m,) corresponding to the quantum numbers 
without field (j., ja, 7 sommerfeiad) OF (R, K, J tanac) or (i, k, 7 pohr) Whose 
values are given by the inequalities: 


—je +js 

—(R-3) $ <m,s} +(R-4) (2) 

—(j—1) +(i-1) 

Je | +ja | 

—(K-3)} sms} +(K-3) (3) 

—(k—1) | +(k—1) | 

—j Semm. +j somm. 

—(J-}) } Sms} +(J-}) (4) 
— (j Borr— 1) +(jBonr—1) 


It follows from these formulas that 7, and 7, are the upper limits for 
the magnetic quantum numbers m, and m;, respectively, which renders 


* N. Bohr, Ann. d. Phys., 71, p. 228; 1923. 
W. Pauli, Zs. f. Phys., 16, p. 155, 1923; 20, p. 371; 1924. 
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the Sommerfeld notation the most convenient one for practical use. 
Whenever we shall have to come back to the three quantum numbers 
without field, we shall therefore prefer Sommerfeld’s system. 

For the energy of the atom in the magnetic field we now consider 
two limiting cases: ‘The field is called weak or strong according to 
whether the Zeeman-effect separations are small or large compared 
with the complex structure of the term. The case of weak field is usually 
realized in the complex spectra because of the very large7 fine structure; 
yet the considerations of strong fields have recently become of very 
great importance for the interpretation of the spectra with several 
valence electrons and for the theory of the periodic table. 

In weak fields the coupling of the core and electron is very strong; 
consequently the vectorial resultant 7 of the angular momenta j,, ja, 
or R, K, must be quantized and the energy becomes proportional to m,: 


“ 


ee (m,+m.)g (5) 


0 


= mg 


where g is the Landé “splitting-up factor,” the distance between two 
neighboring magnetic levels; g is a function of our three fundamental 
quantum numbers and depends essentially upon the geometric con- 
figurations of the three vectors. 

In strong fields the coupling of core and electron can be neglected, 
and the vectors /,, j., or R, K, must be space-quantized separately. Due 
to the simplification of the magnetic levels in strong fields (Paschen- 
Back Effect) the energy will be a linear function of the two magnetic 
quantum numbers m, and m, which correspond to the vectors j, and ja, 


4 


—=2m,+m (6) 
oh 
Equations (5) and (6) are mere formulations of experimental facts. 
They have been tested on many Zeeman patterns. Equation (6) 
accounts also for all the details of the partial Paschen-Back effect. 
Any polyfold term (e.g., °Do,1,2,3,4 or ?P1,2) is now represented by 
a two dimensional scheme in m, and m, (below). We now ask what is 
the coordination of these m, and m, values with the different 7 values, 
i.e., with the different complex structure levels. For weak fields this 
coordination is obvious since the Zeeman effect separations are small 
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compared with the distance of the different sub-levels; but in strong 
fields where the whole pattern is grouped symmetrically around the 
center of gravity of the term without field the coordination is not a 
simple problem. It has, however, been solved by Pauli by means of 
the vector model. The coordination for both weak and strong fields 
out of the two dimensional manifoldness of m, and m; values may be 
demonstrated in the following way: 


Values of m, 
+jrtja t+jst+ja—1 +jetje—2 rah te. +je—jat2 +j—jet1 +j.—je 


thtja—-1 +jstjo—2 +jstjo—-3 + + > t+h—jotl th~je ite—-at!l 


] 
| | 











+jstja—2 +fetja—3 +jstja—4 Baden +je—je | +jr—ja—-1| +js—je—2 
aT ss A ee ee 
lsa 
e| (7) 
. 
—jetjat2 —jtjetl —jstJa a |\—fe— Jat 4 —je—jet3 —je—jet2 
jvtietl —jetjn  —jbietl © + © |-jmjet3| -—j—jet2|—jp—jotl 


—JetJe —JeT Ja 1 —jetje—2 . —j.—je+2! —jse~—fat1} —fe—Ja ) 


Values of mz 




















+2j.+jo +2jtja—1 +2jstjo—2- + > 4+2j—jot2 +2j—jat+1 +2j.—jo ) 
+2j+ja—2 +2j.+ja—3 +2j,+ja—4 *. Fark +2js—ja +2js—jo—1)+2j.—ja—2 
+2j,.+jo—4 +2j.+je—5 +2j.+ja—6 cor +2j.—ja—2 | +2j.—je—3 igekerr 
ee —— | 
((8) 
| 
| | 
—2etjot4 —2jstjot3 —etjat2 + + \—2je—jot6 |—2s—jot5 |—2js—jat4 
—2jst+jot2 —2j:t+jat+l —2j.t+je . = —2j.—jat4 |~ 2h Jo+3 |—2js—ja+2 
—2jt+Jo —2js+je—1 —2jetja—2 72 \-24,—j.42 I—2js—jotl \— 2j,— ja } 
Any term is consequently split into 
(A) (2j.4+1)(2j.+1) 
(B) 4RK (9) 


a (C) (2i—1)(2k—1) 


magnetic levels. 
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In order to coordinate weak field and strong field values of m, and 
mz respectively to different 7 values of a polyfold term, we draw vertical 
and horizontal lines in the way shown above.’ Thus the values 
of the two magnetic quantum numbers belonging to the different sub- 
levels become, if we begin with the level with the highest inner quantum 
number j maz (=Je+ja): 


jm! jetJa jetJa—1 *jr—jot1 js—Je je—je—1 — je—jatl —je—Jjo ) 
m| Betje BWetjo—1°2js—jat1 Be—jo Be—je—22je** —jat2 —Be—je 


Jmaz 


_j\m jetja—1 jetjo—2 je—jotl je-jo jaja! Eb cee, (10) 
sa (m2|2jetja—2 2jetjo—3 2ju—ja 2yju—ja—1 2js—ja—3—2ju— fat 3— Button | 
| | ! 


? 


- - = ——— - i 





| | ) 


This coordination of m,; and mz values is a consequence of the equa- 
tions, which Pauli derived from the vector model 


Me = * 


( mt+j—ja: + *mM2Zfe—ja (11) 


2m,+j—js i m,Sjs—ja 


(and similarly for the Landé and Bohr systems). 

While the magnetic quantum number for weak fields forms a sym- 
metrical row of numbers which is integer for odd, half integer for even 
series systems, and is running in steps of one unit, the strong field 
magnetic quantum number forms an unsymmetrical sequence, always 
of integer numbers but running in steps of one unit till the place 
j.—ja is reached and then in steps of two units. In order to give an 
example we choose the terms 


5Pio3(—2Sm,5+2 ; -1SmSZ +1) 


3Fos4(—1Sm,S5+1;—3ams +3) 


7 This very simple and convenient interpretation was found by Dr. G. Breit, to whom the 
author is very much obliged for the permission of using it in this paper. 
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The values in the brackets are obtained from (2) and (3). We have 
now the following schemes according to (7) and (8) 
































_______Weak _ Strong Field|| Weak Strong Field 
‘Pj=3 1321 1543 IF | yas SSE ye 
wy A [543 | jealas21072 |543210 1 
"5 Bue ([34t I aleecarn ikesen. 
a i 1- || 1=3(3.21012/3 [32101 23 
(ftjoj1 | ajot | -o\ororaala lrorzsias 
J=1)4 [0}1/2 1) 2/3 —— 
Lil ai3 | alal3 I= ‘. 8 am 
j-123 123 | 


We have thus been able to account in a formal way for the occurrence 
of polyfold terms and their Zeeman patterns for strong and weak fields 
by means of two fundamental vectors (j,, 7, or R,A) and their respective 
magnetic quantum numbers m, and m,, i.e., their projections in the 
direction of the field. Until recently we were accustomed to correlate 
m, and j, with the “Atomrumpf” and m, and j, with the valence 
electron. These assumptions have now become doubtful and it seems 
to be the safest opinion simply to regard j, and 7, as two vectors 
characteristic of the single electron or for one orbit. The reader will 
realize this out of the newest development of the theory of spectra 
with several valence electrons (which we are going to discuss now). 

From a rigorous point of view all these considerations hold only for 
atoms with one valence electron, i.e., for the alkalies. That our ideas 
had to be modified and altered for atoms belonging to the later columns 
of the period chart and that it was unjustified simply to identify the 
last bound electron with the valence electron of the Sommerfeld-Landé 
vector model were already indicated from the numerous difficulties 
arising with the interpretation of the complex spectra. F, G, and H 
terms appeared as very stable and low levels and conclusions were, 
therefore, drawn as to the possible stability of orbits of 4, or even higher 
type. It was, furthermore, found that the well-known selection rule, 
stating that in the sequence S, P, D, F,G.... only adjacent terms 
were permitted to combine, failed to represent the empirical facts. 
For besides combinations such as (SP), (PD), (DF), etc., transitions 
of type (PP’), (DD’), and also (SD’), (PF’), occurred. The latter 
were accounted for in an empirical way by an extension of the selection 
rule proposed by H. N. Russell*® and by the author.’ 


* H. N. Russell, Science, 59, p. 512; 1924. 
* O. Laporte, Zs. f. Phys., 23, p. 135; 1924. 
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The recent progress in theory was initiated by an extension of the 
vector model by Russell and Saunders'® and independently by Pauli" 
and was later generalized and successfully applied to the interpretation 
of spectra by Heisenberg” and by Hund”. 

According to Pauli, the doublet orbit is the primary unit out of which 
all other spectra are built up. Since for doublet terms 7, is equal to 
} (or R=1,i= 3), a doublet orbit of azimuthal quantum k has, according 
to (9), 

N =2(2k—1) (12) 
possible orientations. Just as we obtained the complex structure of a 
polyfold term by means of a quantization of type (1), in other words 
by means of a vectorial addition of 7, and 7, we must now add vec- 
torially the different vectors 7, of the different electrons and the 
different vectors 7, and then take the vectorial sum of these thus con- 
structed 2j,’ and Zj,’ according to (1), (2), and (3). If for the moment 
we call the azimuthal quantum of one electron 4“ and that of another 


k®, then we have for spectra with two electrons analogous to (3) 
RO +2@|—1> Dok> |kO—k® | 411 (13) 


In the same way we obtain from 7, =7,® =} that j,=0, and 1, or, 
r=1 and 3, i.e., singlet and triplet systems. 

We arrive at the result that the apparent azimuthal quantum number 
Yk or k, which the spectroscopist obtains from classification and Zeeman 
effect, can be as large as the algebraic sum of the & values of the two 
electrons minus one; and consequently all the difficulties vanish at 
once which arose by interpreting the F terms that were found as normal 
states for several elements, and which falsely were regarded as cor- 
responding to 4,-orbits. 

In order to free ourselves of the three different notations, we intro- 
duce again the quantum numbers m, and m, for each single electron, 
according to (4) and (5). For several electrons we add at first the 
different m, and m,, i.e., we build: 


i.= > om, and mi,= > m 


10H. N. Russell and F. A. Saunders, Astrophys. Journ., 61, p. 38; 1925. 
1 W. Pauli, Zs. f. Phys., 3/, p. 765; 1925. 

12 W. Heisenberg, Zs. f. Phys., 32, p. 841; 1925. 

4 F. Hund, Zs. f. Phys., 33, p. 345; 1925. 
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and treat these sums as previously the quantum numbers m, and m, 
were treated in (7) and (8) in order to obtain the separations in weak 
and strong fields. Analogous to (5) and (6) we have 


ii,=m,+m, (14) 
Mm2=2m,+m, (15) 


and since any level has a characteristic manifoldness of m, and m, 
or m, and m, values (which we obtain by drawing those horizontal and 
vertical lines as shown in schemes (7) and (8)) we are able to conclude 
what our values j and & are. 


In order to illustrate this procedure which will be continuously used 
in the interpretation of spectra, we consider the case of an atom, consist- 
ing of a rare gas core (closed shell) and two valence electrons, one being 
in a *D, the other in a *P orbit. 

Without field, we have the following quantum numbers: 


First Electron Second Electron 
k=2 k=3 
y=? 7=2 


In a magnetic field they have 6 and 10 possible orientations respectively, 
the quantum numbers m, and m, being: 





*Ps ee 
m, ae S <¢- =f i-3 _-3 
mM, 1 0 —] —1/ 1 0 
2D; | Ds 
=| 4 $ & & 4§ -3|-3 -3 -3 -1 
“ei 2 1 oe uf =e =Fi 3 1 oe” wf 


Out of these 6+10 pairs of m,, m, values we compute all the 60 pairs 
of values 2m,, =m, or m,,m,. These pairs can be arranged according to 
the terms to which they belong and the terms can be identified by aid 
of schemes (9) and (10). We then obtain the following terms as the 
results of two electrons acting together, one in a *P, one in a 7D orbit: 


1P, 'De Fs *Po 12 *Dies *Fo34 (16) 
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At first we see, that by adding one more electron to an atom, the result- 
ing spectrum possesses the two neighboring multiplicities of the pre- 
ceding term. (“‘Verzweigung.’’) For instance, out of a quintet term 
we obtain quartet and sextet terms, and in our special case out of 
doublets, we obtain singlets and triplets. A short way to obtain the 
‘“‘apparent azimuthal quantum number “k” is to apply (13); we have 
k®) =3, k® =2, therefore, 42k 22 or k =2,3,4; this means we get P, D 
and F terms. 

Another important problem is the coordination of the twelve levels 
(16) to the levels of the doublet terms ?P and 2D. This and similar 
problems for more than two electrons will be discussed in a paper by 
Prof. H. N. Russell and the author. 

For the case of two *P electrons (with k =2, K =3/2,7,.=1) we obtain 
the following k& values out of inequality (13)3=>k=1, hence k =1,2,3,and 
since we know that according to the “Verzweigungs” principle the 
multiplicities 1 and 3 will occur, we have the terms: 


3S 3P, 1.2 3D 2.3 1So Ip, 1Do 


We may check up whether we have the right number of magnetic 
levels which we obtain by taking 27+1 for each level: 


3+(14+34+5)+(3+54+7)+14+34+5=3=6 
and this is, as it should be, equal to [2 (2k—1)]? for k=2. 
With the case of two electrons, we approach a very important 


problem, which is closely related to the theory of the shells in an atom 
and to the theory of the periodic system in general. We know from 


the x-ray spectra that the different shells (AK, L, M....) are built 
out of electrons with the same total quantum number nm. The com- 
pletion of the shells (with 2, 8, 18... . electrons) has been reduced 


to a general principle by Pauli, which has been proved many times 
since. It may be formulated as follows: By building up a shell of 
equivalent electrons, i.e., electrons with the same m and k, no two 
electrons must occur which have entirely the same four fundamental 
quantum numbers: 


2% ,k,mE,M™M,, 


or according to (5) and (6) 


n,k,m,, Me 
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Since one m electron has, according to (12) N =2(2k—1) possible 
orientations or NV possible combinations of these four quantum numbers, 
two equivalent electrons will have but V(N —1)/1.2 possible orientations 
(instead of N*; our consideration page 19 therefore holds only in case 
the total quantum numbers » of the two electrons are different). 

Now we see one more advantage of using the magnetic quantum 
numbers. By means of schemes (7) and (8) we easily can write down 
the m, and m, values observing Pauli’s principle. For instance in the 
case of two equivalent nm, electrons we get, using the m, and m, for *P, 
the following 6°5/2 pairs of mi,, m, values which agree with Pauli’s 
principle: 

( 1,1)¢ 1,0)( 1,-1) 
( 0,1)(¢ 0,0)( 0,—1)0;(0,2) (0,1) (0,0) (0,—1) (0, —2); (0,0) 
(—1,1) (—1,0) (-—1,-1) 
The fifteen pairs m,, m, symmetrically arranged give the following 
terms: 


So, 3P ous, 'Do, 


whereas the terms *S, 'P, *D are excluded and will only appear as 
second series members when the total quantum numbers 1 are different. 
By means of this method Pauli at first accounted for the well known 
fact that in the spectra of the alkaline earths the first member of the 
term sequence *S is missing, for it may be easily seen that two equivalent 
n, electrons give only one 'S, term, whereas for higher series members 
two terms 'S, and *S, arise. 

The process may be continued and the N(N—1)(N—2)/3! 
possible orientations of three equivalent electrons may be calculated. 
(In our special case of nz electrons we get 20 orientations, and the result- 
ing terms are ‘S:, ?P and 7D). The number of orientations increases 
and decreases symmetrically as do the binomial coefficients which have 
the well known property of giving the same value for a configuration 
of z elements as for N—z. The period is closed with the Nth electron 
where the Pauli principle gives only a 'S, term. We thus arrive at a 
result, already found by E. C. Stoner" that the number of elements in 
a period is equal to the number of orientations of the corresponding 
doublet orbit in a magnetic field. 


4 EF, C. Stoner, Phil. Mag., 48, p. 791; 1924. 
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This law explains the structure of the periodic system; because for a 
given total quantum number 2, k can have all values smaller than n, 
each with 2(2k —1) elements, which gives 


> 2(2k—1) = 2n? (17) 


We give now the two tables of any number of equivalent mz and m; 
orbits. They are obtained as we have described above by means of 
summing up the m, and m, or the m, and mz. As has been mentioned 
before the terms corresponding to N —z equivalent electrons are the 
same as those belonging to z electrons, a theorem which was first 
formulated by Wentzel.'® It accounts for the doublet character of the 
ordinary x-ray spectra and predicts triplets and singlets for the so- 
called x-ray spark lines. 























TABLE 1. TABLE 2. 
Number of Number of 
mz electrons Terms n; electrons Terms 
0 1§ 0 1s 
1 2p 1 2p 
2 id ip is 2 3F 3p 1G ip i$ 
3 4S 2p 2p 3 ‘F 4P 2H 2G 2F 2D 2p 2P 
4 sp 1p 's 4 5D 8H *G *F *D *P 
5 2p § 6S 4G 4D 4F 4p 
6 1S 6 5D *H °G °F *D *P 
7 ‘F 4P 2H °G °F 2D 2D *P 
8 3F 3P 1G 1D '§ 
9 2D 
10 1S 








The orbits which account for the stable energy levels are of course 
known from the x-ray spectra and from Bohr’s old theory of the 
periodic system, which, although in error as to the “Besetzungszahlen,” 
was right as to the total quantum numbers of the shells and periods. 
We must, therefore, require that for the elements of the first short 
period (Li-Ne) 2; and 2. orbits and for the second short period (Na-A) 
3, and 3, orbits, will suffice for explaining the lower spectral terms. At 
the beginning of the long period, as has been pointed out by Bohr, the 
orbits 4; and 3; are equally stable, and in the later part (Ga-Kr) the 
4, are built in. In the elements of the second long period, the inter- 


% G. Wentzel, Zs. f. Phys., 3/, p. 445, 1925. 
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pretation of whose spectra will occupy us mainly, the 5,, 43, and 5. 
shells are filled. For the third long period the same process with one 
unit larger total quantum takes place, and between 58 Ce and 71 Lu 
fourteen 4, orbits are built in. For the latter fact conclusive proof was 
given by Hund" who computed under these assumptions the magnetic 
momenta of the trebly ionized rare earths and found them in very 
satisfactory agreement with the experimentally found paramagnetic 
magneton numbers. 

An electron configuration which we shall need all the time is one 
n, orbit and several m; orbits. According to (13) adding of an *S electron 
does not change the apparent azimuthal quantum number & but splits 
up every term into two of the neighboring multiplicities. In the follow- 
ing table the terms of the two highest multiplicities which arise from 
such a configuration, are given. 








TABLE 3. 

Number of 

electrons Terms 
ny Ne 
1 0 25 
1 1 3p 1D 
1 2 ‘Ff 2F 4P 2P 2G 2D 2S 
1 3 SF 3F SP 3p 3H 3G 3F 2D 4p *P 
1 4 ®D 4D 4H 4G 4F 4D +P 
1 5 7S 5S °G SD 5F 5P 
1 6 °D *D 4H 4G *F 4D *P 
1 7 SF 3F 6p 3p 3H 3G 3F 3D *D 3p 
1 | 8 ‘F 2F 4p 2P %G 2p S$ 
1 9 3p 1D 
1 10 2s 











II. EMPIRICAL PART 


A. The small periods 


We shall now apply the methods developed in I to the interpretation 
of spectra with several valence electrons. We begin with the small 
periods. As has been shown by Pauli,” the spectra of the alkaline 
earths can be accounted for by assuming one electron to be in an s 


% F, Hund, Zs. f. Phys., 33, 855; 1925. 
17 W. Pauli, Zs. f. Phys., 31, p. 765; 1925. 
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(or m,), the other in an m, orbit. The inequality (13) furnishes two 
terms with k=k and multiplicity 1 and 3. The more interesting case 
of the preceding electron being in an orbit with k+1 occurs with the 
interpretation of the so-called primed terms. In Mg, Be and their 
analogous spark spectra a *P term is known and indications of a 'D 
term have been found, which do not fit into the ordinary series systems 
with one electron in a 3, or 2; orbit respectively. The author’ has 
brought forward the idea of accounting for these terms with a con- 
figuration of two equivalent 3, or 22 orbits, which in the small periods 
are supposed to be responsible for prominent terms. Table No. 1 on 
page 11 gives the following terms: 
4 '‘D 'S 


We obtain indeed the two known terms together with a 'S, the proof 
of whose existence will be very difficult to adduce, because it will 
combine with the ordinary *P (k® =1, k® =2) in but a single line. 
Another spectrum of interest is that of carbon, or instead of this, 
the spark spectrum of nitrogen, which has been investigated by 
Fowler’® and by Croze.*° Hund” has published a diagram of the typical 
four valence electron spectrum as predicted by theory and compared 
it with C and Si. It is, of course, clear that the energy diagram as 
found by Fowler, does not contain the lowest term of N+. In order to 
come in agreement with the value for the ionization potential of N*, 
as found by Miss Payne” from astrophysical data, Fowler extrapolated 
from a series of two unprimed triplet P-terms to higher term values and 
to lower series members. The distance between these two *P terms is: 


n’P —(n+1)*P = 47600 
and it follows from the table of the 4R/(n-+<a)* values that 
(p?=) (n+1)*P=42760 
(p=) n'P=90360 


and the extrapolation to (n—1)*P gives a value 303000 cm“ or 37 volts, 
whereas Miss Payne found 24 volts from astrophysical data. Fowler 
excused this disagreement with the remark that presumably the series 


18 Q. Laporte, Journ. Wash. Acad., 15, p. 410; 1925. 
19 A. Fowler, Proc. Roy. Soc. A., 107, p. 31; 1925. 
*” Croze, C. R., 179, p. 603; 1924; 180, p. 277; 1925. 
1 F, Hund, Zs. f. Phys., 34, p. 289; 1925. 

2 C. H. Payne, Harvard Circular 256. 
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n*P might not follow the Rydberg formula closely. On the basis of the 
new theory this discrepancy vanishes instantly. A glance at the 
theoretical niveau scheme as published by Hund shows that the two 
lowest terms in Fowler’s investigation p=*P and P ='P arise from the 
normal state *P(p) of the N*+* ion by adding one more s electron, and 
are, therefore, the ends of their series and cannot be extrapolated to 
smaller total quantum numbers. Fowler’s term p’=*P, however, is a 
higher member of the series which contains actually the normal 
state *P, built up on*P of N*+. It follows from p =*P = 90360 that 
p’="P =68770 , 
hence the hypothetical preceding term 
(n—1)*P'= 188600 , 
which gives 23.3 volts, in satisfactory agreement with Miss Payne’s 
value, 24 volts. 
In the following table the terms found by Fowler are given, and the 


orbits from which they arise. Since the third, fourth, and fifth electrons 
are always in 2;, 2;, and 22 orbits respectively, we only give the m 





TABLE 4. 
Notation 6th electron 
Fowler’s | Our nk 
+ 2P’ 2: 
p 3P 3; 
P 3'P 3; 
d ¥D 3, 
s ¥#S 3. 
p’ 3P’ 32 
S 3S 3. 
D 3D 32 
d’ #D' 33 
? ep | 4 








designation for the sixth electron. The only ambiguity is that Fowler 
gives two ‘1S terms which lie close to each other whereas we are able to 
account only for one. Presumably one of these two is actually the 'P 
term which belongs to the configuration (2, 2; 22 32). 


B. The spectra of the second long period. 


An outline of the interpretation of the spectra of the first long period 
has been given by Hund,” but inasmuch as the spectra of the second 


* F, Hund, Zs. f. Phys., 33, p. 345; 1925. 
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long period show some peculiarities compared with those of the first 
one and as the new material by Meggers and Kiess published in the 
May number of this journal** extends the data known for the elements 
37 Rb—46 Pd it seems worth while to give a detailed account of the 
terms. 

In these complex spectra one can distinguish two sets of terms: The 
set or group of low metastable levels, one of which is the normal state, and 
a group of higher terms which combine with the first one. Combinations 
never occur between terms of one group. Frequently a third very high 
group has been found, combining with the second group, but its terms 
are only higher series members of the first low term group. We are able 
to account for the first group with configurations of 42 and 5, electrons, 
and for the second group with 43, 5; and one 52 electron. In other words 
the higher set is obtained by adding a p electron to the terms of the 
low metastable group of the preceding spark spectrum, which means 
according to Eq. (13) that a term of multiplicity r and apparent 
quantum k furnishes two groups of three terms with multiplicity r—1 
and r+1 and apparent azimuthal quantum k—1, k,k+1. Ourinter- 
pretation will be divided into paragraphs according to the number of 
valence electrons in the spectra.” 

One electron. Orbits of type 4; and 5, are almost equally stable. In 
Rb and Sr* 5, corresponds to the lowest term (52S) but the energy of 
the 4; increases so rapidly by going from Rb to Sr*, that according to 
Bohr the hypothetical Y** is always supposed to be normally in a 
4. state (4°D) with a metastable 5, close to it. The Y* spectrum fully 
confirms this idea. 

Two electrons. In Table 5 all the possible terms of the lower and 
higher group are written out. In the first column is the term of the 
preceding stage of ionization, in the second the new configuration, in 
the third the corresponding term and in the next columns the identifica- 
tion with the available spectroscopic material. 

For Y+ we give the relative term values and the notation as published 
by Meggers and Kiess and for Sr neutral the terms and notation 


“4 W. F. Meggers, and C. C. Kiess, Journ. Opt. Soc. 12, 417; 1926. 

*% In order to mark the origin of a term and its corresponding electron configuration, we 
shall write small letters, s, p, d for m, m2, mz electrons respectively and indicate their number 
by an upper index. Thus a configuration of seven equivalent ms and two equivalent m, elec- 
trons is written (d’s*). In case one electron is excited, it may be put in parenthesis. This very 


convenient notation was suggested to the author by Prof 4. N. Russell, who very kindly gave 
permssion to use it in the present paper. 
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according to Russell and Saunders. For comparison the term values 
in Sr have been reduced to the normal state 1S =0 by subtracting the 
absolute values as given by Russell and Saunders from 45926. It is 
very interesting to study the enormous influence of the nuclear charge 
upon the energy of a state. The singlet term 'S(s?) which represents 


TABLE 5. 


One electron Two electrons 





| | 




















Type Type | Terms | ¥ Sr 
d dd af 7163-7903 PE: 
3p 13043-13258 sp’ | 35675-35194 1p! 
1G caucaetineias Pte cast 
1p 13993 YD | 
i] 1s 5S aaNet eaeericn | ake | ct . ate 
| ds 2p 0-610 | 3) | 18320-18159 Id 
ip 2456 | aD | 25776 1D 
s | SS 1S | 0 1S 
d | dp se =| 26387-27554 | 3 | 33920-33267 | 1” 
3p 27755-28374 3— 36560-36265 1d’ 
ap 22685-23806 ap | 37337-37293 1p” 
IF 32497 iF | 
| 1D 25307 ip’ | 
| ip 26677 an eeu yas 
s | sp ap 31208-31443 BP | 14899-14328 1p 
| | 3? St Sat oe Vie!) 21699 _ | IP 





the normal state in Sr, undergoes such a loss in prominence when the 
nuclear charge increases that it has not been found in Y*+. Possibly 
the two strong lines which, according to Meggers and Kiess have not 
yet been classified in this spectrum will be connected with the second 
singlet P(sp) or the low metastable 'G(d?). 

Three electrons. The three configurations which may be expected 
to give the low terms in Y and Zr* are (a) one 43, two 5,, (b) two 4s, 
one 5,, and (c) perhaps three 43; or in the short notation: ds?, d’s, d’. 

All the higher terms must be accounted for by adding a p to the low 
metastable terms of the two electron system. In Table 6 these pre- 
dictions are compared with the data found by Meggers and Kiess. 

From the metastable levels 'G 'D 'S which belong to the configuration 
(d?) numerous doublet terms will arise indications of which have 
actually been discovered in Zr II. 











July, 1926] 





electrons | 


7 ae 
ds ! 2p 
- 

2p* 


4p* 


ds? | 


| | 


| 2p* 
| 2G 
2D 
AY 
4p 
4p* 
| *H* 
| | &G* 
| | 2F 
| 2p* 


d-3D 


1p 





| Type |Terms 
_|} 
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Three electrons* 


17 





Zr 


0-1323 
6000 
8000 
6000 
8000 

4248-4505 


3000 
9000 
12000 
14000 


37000 
40000 


41000 


27984-30796 
29778-31866 
31981-32899 
35000 
29505-30562 
30435-31160 
39000 
38000 
38000 
33000 
36000 
35000 





0-530 
10937-11532 


21528-21915 
16066-16146 
24480-24698 
24518-24899 
24131-24746 
27824-28139 
28694-29820 
31508-32188 
33215-33614 
33608-34029 
33906-34278 





As for the two electron system (Y II, SrI) itis very interesting to 
compare the same terms and their position in Zr II and YI. While in 
YI the configurations (ds?) and (dsp) give the lowest terms among the 


* Terms with an asterisk according to unpublished classification of Dr. Kiess on Zr * 
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metastable set and the higher set respectively, in Zr II the configurations 
(ds*) and (d?p) take their place; because there seems to be the tendency 
for the normal states of the first long period to replace the m, by (n—1)s 
orbits, when the nuclear charge increases. But even terms corresponding 
to the configuration (d*) appear with considerable prominence, its 
lowest term ‘F being only 3000 wave numbers from the term ‘F(d’s) 
which corresponds to the normal state of Zr II, whereas *D(ds*) is 
6000 cm~' higher than ‘F(d?s). In the appearance of terms belonging 
to the configuration (d*) we see conclusive evidence for the fact, that 
at higher values of the nuclear charge the binding of electron orbits 
takes place in the order of their total and azimuthal quantum numbers 
and that the anticipation of the O,, shell (5;,) is only a transient stage 
of development. 

The combinations of these two ‘F terms with the term triad 
‘D*F‘G(d*p) enable us to test Kronig’s extension of Sommerfeld’s 
qualitative intensity rule. Kronig’s rule asserts that those of a group 
of multiplets are the most intensive ones, whose apparent azimuthal 
quantum k undergoes a change in the same direction as k. If, therefore, 
4F(d*s) combines with the triad, the multiplet ‘*—‘G will be the 
strongest, because & decreases as does k, whereas the multiplet *F (d*) 
—‘D(d?p) will be stronger than the other combinations of this second 
F term with the higher triad, because now the direction of the change 
in k is opposite. As Dr. Kiess has informed the author the actual 
intensities are in agreement with this prediction. The multiplet 
‘F (d*s) —*G(d*p) is the strongest and most complete group in its triad 
in comparison with which ‘F(d*) —‘G(d*p) is a much less conspicuous 
group where only the main lines are of noticeable strength. 

In YI the quartet terms ‘¥*D‘P (dsp), which come from *D (ds), have 
not yet been found, although the doublets of this configuration give the 
most conspicuous arc line groups. The reason is that these quartet terms 
may only be found intercombining with *D whereas the combinations 
with the low ‘F would give strong lines in the infrared (at about 2y). 
Yet there are indications of low levels combining with *D; several low- 
temperature lines of moderate intensity which show the difference 530, 
remain to be classified in the long wave length region of the YI spectrum 
and there is hope that they will prove to be the sought-for 2D, 4F, ‘D, *P 
combinations. Thus in agreement with an empirical rule pointed out by 
Meggers and the author” these resonance lines of the spectrum are 
inter-combinations. 


27 O. Laporte and W. F. Meggers, J.0.S.A. & R.S.L., 11, p. 459; 1925. 
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Four electrons. The multiplets published by Meggers and Kiess for 

Zr I, viz.: 

‘Ff —8P, *F —8G, and 'F —*D, *F —°G 

may readily be interpreted as the analogous groups for Ti I, which 
were found by C. C. Kiess and H. K. Kiess** two years ago. In accord- 
ance with Hund’s interpretation for Ti, we ascribe *F, the lowest term 
of Zr to (d*s*) and °F, which lies about 5000 cm- higher to (d*s). The 
higher triplet terms *G, *F, *G do not have the same origin as the 
quintet triad °D, §F, §G. Presumably they are obtained from one of 
the *F terms of Zr II by addition of a p electron. The quintet group, 
however, may unambiguously be identified. We ascribe it to (d*p), 
i.e., we assert that it is built up on the second ‘F term which belongs 
to a configuration of three 4; electrons. For as Dr. Kiess has kindly 
informed me there is a second term triad *D, °F, °G existing, which 
combines with the low °F (d*s) in three infra red multiplets. These three 
terms obviously arise from the configuration (d?sp). 

It is seen from the data published by Meggers and Kiess that in Cb II 
a new phenomenon occurs. For the normal state of Cb II is repre- 
sented by a °D term, which, as a glance at Tables 2 and 3 shows, can 
only be interpreted as caused by a configuration of four 4; electrons, 
i.e., as (d*). It is therefore the first time that a configuration without 
s electrons exceeds all others (d*s or d’s?) in stability. As we shall see, 
there is strong evidence that also all the normal states of the ions of 
the following elements Mo to Ag are of the type (d*) (if we denote by z 
the number of valence electrons). A comparison of the completely 
analyzed spectra of Zr I and Cb II promises to be of interest, because 
of the entirely different stability of the three possible types of electron 
arrangements. The term *D(d‘) certainly does not occur in ZrI or 
Til with any noticeable prominence, nor will it be possible in Cb II 
to find terms belonging to (d?s*). 

Five electrons. The data on Cb I are far from being complete; there- 
fore a few words may only be said about the lower terms. It may be 
expected that in Cb I the configuration (d‘s) will be almost as prominent 
as (d*s*) and that, therefore, the *D term given by Meggers and Kiess 
will be almost as low as the normal state ‘F. F. Hund, in his discussion 
of the spectra of the first long period has regarded the *D(d‘s) as the 
normal state of Cr+. For reasons, discussed in the next section, Kiess 
and Laporte*® have concluded that the term °S(d*), had to be the lowest 


% C. C. Kiess and H. K. Kiess, J.0.S.A. & R.S.L, 8, p. 607; 1924. 
29 C. C. Kiess and O. Laporte, Science, 63, p. 234; 1926. 
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and have actually proved its existence. Similarly *S(d*) will be the 
normal state of Mo II, and the mentioned *D(d‘s) will be a metastable 
term, presumably about 10000 to 15000 cm lower than *S. Attempts 
to locate this term are being made, although its combinations will be 
in the far ultraviolet. 

Six electrons. The only spectrum ready for comparison with theory 
is that of Mo I, which has been investigated by Kiess and by Catalan 
and for which new data have been published by Meggers and Kiess. 
As has been pointed out by Hund, the normal state 7S must be ac- 
counted for with a configuration of five 4; and one 5, electron. The low 
terms of MoI are interpreted in Table 7, the theoretical predictions 

















TABLE 7. 
Terms Av Term magnitude. 

(d°s) , As. Se eee 0 

aa) © (etaeee we ade 10768 

5G 52,55, 37,44 21000 

eg Cm eee in ey 24000 

eo yee OR a a om ee i. 

sp —123, —127 22000 
(d*s?) ‘D 488, 404, 311, 177 10966-12346 

Se Ree a ee, gee reese 

— . ON eeu. . LA). Saateteiiie 

















of which are taken from Tables 2 and 3, on pages 11 and 12. Among the 
higher terms we will at first consider those of the septet system. They 
must according to the “‘Verzweigungsprinzip” come from sextet terms 
of the spark spectrum. The only term found as yet in this system is 
*D(d‘s), out of which we obtain after adding a p electron: 
"P, "D, 'F and *P, *D, °F 

These two term triads are actually present, 7P, *P, and °F were found 
independently by Kiess*® and by Catalan®; and the complete analysis 
of Dr. Kiess has revealed the existence of a widely separated 7D and 
"F term. The relative term values of these septet and quintet triads 
are 25000-28000 and 30000-34000 cm-' respectively. 

The spectra of CrI and MoI being very similar, it is justified to 
assume the presence of a very low °S(d*), which is supposed to represent 


* C. C. Kiess, Sci., Papers Bureau of Standards, 19, p. 113; 1923. 
| M. A. Catalan, Anales Soc. Esp. Fis. Quim., 2/, p. 213; 1923. 
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the normal state of Mo*. The analogous term of Cr* was found by 
Kiess and Laporte® by means of a combination relation, according 
to which the term difference *S(d*) —*D(d‘s) is equal to the differences 
between two limits of series in the arc spectrum. The terms which are 
built up on this °S may readily be identified. By adding a # electron, 
we obtain a ’P and a ‘P, the latter one being conspicuous because of 
its unusually small separations. A characteristic property of these 
two terms is their isolated position in the niveau scheme, which makes 
it impossible to group them together with other terms into typical term 
triads. This is a consequence of the fact that the generating spark 
term has the & value 1. 

Furthermore several very narrow D terms of the quintet and septet 
systems are obtained by adding electrons of higher total quantum 
numbers (e.g., 5; and 63) to °S. Their very narrow separations confirm 
this idea; since the terms have to converge to a single level, their Av’s 
will have to converge rapidly to zero. 

The other numerous high terms of the quintet system of Mo I may 
be accounted for by adding # electrons to the many low metastable 
quartet terms, which are possible in Mo II. At present the analysis 
is too incomplete to permit definite assignment of the &’s. 

Seven electrons. The spectra of neutral ekamangenese and of ionized 
ruthenium are not yet investigated. 

Eight electrons. The arc spectrum of Ru shows as lowest term that 
°F, which in the analogous Fe is 7000 cm~ higher than *D. Ruthenium, 
therefore, belongs to the same class of atoms as Cr and Mo, the con- 
figuration of whose normal state contains only one m, electron. The 
low terms in Ru whose existence the analysis by Meggers and Laporte* 
has proved, are F, °F, °P, belonging to (d’s), and °D belonging to (d's*). 

As most prominent higher terms are found two “triads” °D, 5F, °G 
and *D, *F, *G, which must be interpreted as (d’p), and as coming from 
‘F(d’) of Ru II. 

Nine electrons. On the basis of the remarkable wave number system 
of Snyder™ it is now quite easy to assign inner quantum numbers to 
the low metastable levels, after the direction in which the energies are 
increasing has been fixed by means of water spark absorption data. 


®1c. 
% W. F. Meggers and O. Laporte, Journ. Wash. Acad, 16, p. 143; 1926. 
* C, P. Snyder, Astrophys. Journ., 14, p. 179; 1901. 
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We regard the following identification of low terms as fairly un- 
ambiguous: 

Sy 2p) 2R 4p 2p 
The quartet term, which has been identified by Sommer,* is the lowest 
of the spectrum; the terms are arranged so that their energies increase 
from left to right. Tables 2 and 3 on pages 11 and 12 show how to account 
for these terms. Since the lowest terms of the preceding spectra come 
from a configuration of the type (d*"'s) (z being equal to the entire 
number of valence electrons) and since the next element, Pd, has as 
normal state a configuration (d'°) (as we shall see), it seems justified 
to account for the above mentioned low terms as follows: 

(d*s) | 4F °F 4P 2p 

@) [=D 
We wish to call attention to the different character of the analogous 
Co, whose lowest term corresponds to the configuration (d’s*), which 
is evidently not at all prominent in Rh. From the viewpoint of x-ray 
spectroscopy the doublet term *D(Avy = 2348) is the relativistic term 
pair N32 and N33; it corresponds to the hypothetical *P term of Ne II 
or F I, which Grotrian identified with L2; and Lee. 

Ten electrons. As has been stated by Bechert and Catalan” in their 
complete analysis of the Pd arc spectrum, the lowest term of Pd is a 1S 
which shows conclusively the decrease of stability of the 5, electrons 
which we have witnessed in the last spectra. We obtain the following 
table for the lower terms in Pd: 


ten 4; | 155 
nine 4; one 5;| *D 'D 


These terms were found by Bechert and Catalan. The *P lies at about 
7800 cm higher than ‘8S. 





Summarizing the results for the different spectra we can state that 
in the second long period, especially towards its end, there exists a 
strong tendency to pick out from the choice of three configurations 
which may furnish low metastable terms, viz.: 

(a) (d’-*s?) or (g—2) 4; and two 5, electrons, 
(b) (d*—s) or (g—1) 4; and one 5; electron, 
(c) (d°) or z 4; electrons. 


* L. A. Sommer, Naturwissenschaften, 13, p.92; 1925. 
* K. Bechert and M. A. Catalan Anales Soc. Esp. Fis. Quim., 23, p. 457; 1925. 
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those with a small or minimum number of 5, electrons. Whereas in 
the first long period the lowest terms of the arc spectra must be ac- 
counted for with configuration (a) and those of the first spark spectra 
with (b), we found an increasing tendency in the arc spectra to build 
low terms with configuration (b) and we were able to prove in almost 
every spark spectrum the existence of configuration (c). In the follow- 
ing table this is more closely illustrated. 


TABLE 8. 














z } Spectrum (d?~s?) | (d?—'s) (d?) 
Srl | 1S;0 | 3p; 18000 |  3P; 35000 
? ” — — — NS ee 
| oyu | | 7D; 0 | 3; 13000 
| YI | 2D;0 |  4F; 11000 
3 j}—___ ee 
Zr I 2D; 6000 ‘F; 0 ‘F; 3000 
ZrI | %F;0 | °F; 5000 
4 — oo eo 
cu | | 5F; 2000 | °D;0 
Cb I | ‘F; 0 (?) 6D; Present | 
Cr il 4‘F- Present | ®D; 12000 S$: 0 
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The most prominent terms and their distance from the lowest level 
are given for each element and arranged according to the electron 
configuration which accounts for them. In every case the term with 
lowest energy is printed in bold face type and is assigned the term 
value zero. 

The table shows how, by going down to more electrons, the stability 
of the configurations without s-electrons is increasing. Furthermore, 
it is readily seen that much work remains to be done—especially for 
the spark spectra. In order to have data for a spark spectrum with 
5 electrons we substituted CrII for MoII. Predicted low terms are 
set in parentheses, they are obtained according to the above mentioned 
rule by Kiess and Laporte. 

A few words may be said about notation. The new development of 
theory made it possible to formulate the author’s old selection rule 
for & values as a simple selection rule*’ for the azimuthal quanta k. 
The distinction between primed and unprimed terms, however, should 
be abandoned, and rather a distinction of the terms in sets or groups of 
the type mentioned on page 15 should be adopted.** As Professor Russell 
suggested to the author, the terms of the higher set which combine 
with the low metastable set, could be distinguished by a dot or circum- 
flex. 

The author wishes to express his indebtedness to Drs. W. F. Meggers 
and C. C. Kiess for their kind interest and for the opportunity of using 
their unpublished data. 

It is a pleasure also to thank the International Education Board 
for the award of a Fellowship which made it possible to carry out this 
investigation. 

BUREAU OF STANDARDS, 

Wasuincton, D. C. 


37 O. Laporte, Zs. f. Phys., 23, p. 135; 1924. 
% H. N. Russell, Science, 59, p. 512; 1924. 











RETINAL SENSIBILITY TO SATURATION DIFFERENCES* 
By Loyp A. Jones anp E. M. Lowry 


INTRODUCTION 

Of the three attributes of color, brilliance, hue, and saturation, the latter has probably 
been accorded the least attention. As defined by the Colorimetry Committee of the Optical 
Society of America, saturation is that attribute of all colors possessing a hue which determines 
their degree of difference from a gray of the same brilliance. Since saturation is of a subjective 
nature it is incapable of direct measurement but may be evaluated indirectly in terms of 
purity. The Colorimetry Committee has defined the purity of any sample of radiant energy, 
with respect to any one of its constituents, as the ratio of this constituent to the total in- 
tensity of the sample. For the purpose of this investigation purity will be determined by the 
ratio of the homogeneous constituent (spectral component) to the totalintensity of the sample. 

So far as the authors are aware the only experimental work, on the sensibility of the eye 
for saturation differences, to be found in the literature is that of Aubert 1865, Munsell 1909 
Geissler 1913,3 and Nutting and Jones 1916.‘ The first of these investigators employed rotat- 
ing discs and determined the smallest sector of color which produced a just apparent satura- 
tion difference against a white or neutral gray background. Aubert found the stimulus in- 
crement necessary to be less than one per cent while Geissler reported a nearly constant value 
of four per cent for red, green, and blue. Nutting and Jones using a different method con- 
structed a saturation scale containing about twenty steps. 

The combined existing data is at best very meagre and offers almost no idea as to the prob- 
able shape of the function for the normal human eye. In view of this condition the present 
work was undertaken for the purpose of securing specific data as to the number of least per- 
ceptible saturation steps between each maximally saturated color and white. 


APPARATUS 

An exact determination of the desired difference limen involves a 
measurement of the difference in purity of the light illuminating two 
fields which are of the same hue but which are just noticeably different 
in saturation. The required scale being that of saturation, it is essential 
that the fields be illuminated by an easily reproducible white light and 
also by light of very definite pure hue. For purposes of comparison a 
two part field is necessary in each part of which both the white and 
monochromatic light may be independently controlled as to intensity, 
since the judgment of saturation differences must not be confused 
with differences in intensity. In addition some means of evaluating the 
per cent purity of the mixture is needed; the flicker photometer being 
the best type of instrument for making the measurement. 


* Communication No. 254 from the Research Laboratory of the Eastman Kodak Company. 
1 Physiol der Netzhant, Breslau, p. 138; 1865. 

? Psych. Bul., 6, p. 238; 1909. 

* Amer. J. of Psych., 24, p. 171; 1913. 

‘ Trans. Illum. Eng. Soc., 1/1, p. 1-16; 1916. 
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Throughout this investigation a somewhat modified Nutting colorim- 
eter® was used since it seemed to lend itself most readily to the condi- 
tions of the problem. The optical system as set up is shown diagramati- 
cally in Fig. 1,4. Monochromatic light from the L;C,B, system and white 
light from the L.D,C, system illuminated one field of the photometer 
cube G, the other part being illuminated by dispersed light from L,B_C; 
and by white light from Z,D.J. The intensity of light from the four 
sources was controlled by means of the nicol prisms C,C.C; and by 
moving the lamp house J, along its track. The current through all 
lamps was kept constant and that through L, and J, at such a value as 
to secure a color temperature of approximately 5200°K when they 
were screened with the tungsten to daylight filters at D, and D2. 
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Fic. 14—Diagram of Apparatus 

At F is a motor driven glass disc which is divided into four ninety- 
degree sectors, two of them being clear and two silvered. The plain 
glass sectors served as a color mixing device for the white and mono- 
chromatic light in one-half of the photometric field. When rotated at 
the proper frequency the disc acted as a flicker attachment for making 
the per cent purity measurements. The photometric field as it appeared 
through the observation telescope M,M;2P is shown in Fig. I., The 
part A will hereafter be designated as the comparison field and B as the 
test field. 


5 Bul. Bureau of Standards, 9; 1913. 
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PROCEDURE 

As a first step in the determination of the difference limen, the test 
and comparison fields were illuminated with monochromatic light of the 
same wave length and an intensity match obtained. Then a gradually 
increasing percentage of white light was admitted to the test field until 
it became just appreciably less saturated than the comparison field. 
During this adjustment care was exercised that the field brightness 
remained constant at approximately twelve apparent foot candles 
which was the value used throughout the experiment. This intensity 
was chosen first, because it permitted the experiments to be carried on 
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in a region of brightnesses over which the characteristics of the eye are 
more or less constant, and second, because such a brightness seemed to 
represent approximately the average condition under which a scale of 
saturation would be applied. 

When a difference in saturation had been secured the monochromatic 
light in both fields was shut off and white light admitted to the compari- 
son field until the intensity matched that of the test field. The test 
field was now reduced to zero and a flicker balance determined for the 
white light and pure hue in the comparison field. The two fields were 
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again matched for brilliance and saturation and the above procedure 
repeated until the saturation had been decreased step by step from a 
maximum value to zero. Per cent purity calculations were made by 
applying the usual formula for the Nutting colorimeter. 
DISCUSSION AND RESULTS 

The results of the examination of eight colors are presented graphi- 
cally in Figs. 2 to 10 inclusive. Since the continuous, or step by step, 
method was used in collecting data, consecutive per cent purity 
values represent equal sensation intervals. Consequently the scale 
reading curves were obtained directly by plotting per cent purity read- 
ings against equal ordinate increments. As an illustration of the method 
of plotting, the experimental data obtained from two separate deter- 
minations, for wave length 640 my are shown in Fig. 2. The graphical 


TABLE 1. Saturation scale data 











Percentage Purity for wave lengths (my)- 
Step | re at 3 
No 440 | 470 490 540 575 | 605 640 680 
1 97.5 | 97.0 96.0 98.0 | 98.0 98.0 | 97.2 | 97.0 
2 95.0 93.7 91.5 95.8 | 95.2 | 95.5 | 94.3 | 93.9 
3 92.0 90.2 86.5 92.5 | 91.5 | 92.8 | 91.4 | 90.5 
4 98.5 | 86.2 81.0 88.8 | 86.9 | 89.7 | 88.4 | 87.0 
5 84.4 | 82.0 75.0 84.5 | 80.5 | 86.0 | 85.0 | 83.0 
6 80.3 78.0 68.5 79.5 | 72.5 | 82.0 | 81.5 | 78.8 
7 7.0 | 73.5 | 61.5 | 73.5 | 64.3 | 77.7 | 77.8 | 74.4 
8 1.0 | 68.5 | 54.8 | 66.5 | 55.8 | 72.8 | 73.5 | 0.5 
9 66.4 | 63.0 47.7 59.2 | 47.4 | 67.0 | 69.0 | 64.7 
10 61.5 57.4 41.0 51.5 | 38.0 | 60.3 | 64.0 | 59.7 
11 56.0 | 51.8 34.5 44.4 | 28.5 | 53.0 | 58.5 | 54.2 
12 51.0 | 46.0 28.3 37.0 | 20.5 | 45.8 | 52.5 | 48.5 
13 45.5 | 39.7 22.8 30.0 | 13.7 | 38.5 | 47.0 | 42.5 
14 39.7 | 33.4 17.9 23.0 8.0 31.4 41.5 36.5 
15 34.0 | 27.0 13.5 17.0 3.5 24.8 25.7 30.5 
16 28.3 21.5 9.6 11.2 0.0 | 19.0 | 30.5 | 25.0 
17 23.0 17.0 6.0 6.5 14.2 | 25.4 | 20.6 
18 17.5 12.3 2.8 2.7 9.0 | 20.2 | 16.5 
19 13.0 8.5 0.0 0.0 4.5 | 15.5 | 12.8 
20 9.0 5.0 0.0 | 11.5 9.3 
21 5.7 2.3 7.1 6.0 
22 2.5 0.0 3.3 2.8 
23 0.0 0.0 0.0 
































method was used in averaging the results, that is, a smooth curve was 
drawn through as many of the points as possible. Scale reading curves 
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for the other colors were derived in a similar manner although the 
actual points have been omitted. The values contained in Table 1 were 
read from the curves secured as described above. 

Differentiation of the scale reading curves yielded those showing the 
sensibility of the retina to purity differences and from them the limen- 
purity curves were secured by taking reciprocal values. Another method 
of treating the data which may be applied with the same effect, is to 
first plot the decrease in per cent purity of each step against per cent 
purity to obtain the limen curve. The reciprocal of the limen per cent 
purity curve represents the sensibility and integration of the sensibility 
will once more yield the saturation scale. 

As indicated (Figs. 3 to 10) the curves representing the sensibility of 
the eye to differences in purity possess two maxima, one the greater of 
the two, being at complete saturation, and the other at zero. Complete 
saturation as used in this connection means that for purposes of physical 
specification the spectral colors are one hundred per cent saturated. 
An exception to the order of sensibility is found in the case of the blue 
green (490 my) for which color the maximum appears at zero purity. 
No explanation is offered at present as to why this particular wave 
length should show different characteristics than the others but since 
it is the average of three very carefully made determinations it appears 


to be true for the authors’ eyes. 
6 
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It will be seen from the data of Table 1 that the number of saturation 
steps varies for the different colors, the larger number of steps being 
found in the red and blue, and the smaller in the yellow. A considera- 
tion of the relation of the spectral colors to white as represented on the 
color mixture triangle seems to offer the possibility of different satura- 
tions, psychologically, for the different colors, and as a result various 
numbers of steps are to be expected in their saturation scales. 
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By an application of the flicker photometer Troland* has determined 
the relative saturation of the spectral hues and his data are shown 
plotted as a function of wave length in Fig. 11. Another means of 
developing the above relation is to plot the number of steps in the 
saturation scales also as a function of wave length. The curve thus 
obtained is very similar in shape to that resulting from the critical 
frequency data. 

A further point of interest is, that when plotted to the same maximum 
ordinate the saturation scales with one exception practically coincide 
(Fig. 12). This fact offers the possibility of establishing a tentative 
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saturation scale, which when used in connection with the curve show- 
ing the probable number of equal sensation steps will make possible 
the determination of all colors of like saturation at any point between 
pure hue and white. 

The definite establishment of the saturation function for the average 
normal eye requires a determination of the sensibility of a large number 
of eyes. It is planned to continue the work in this laboratory and we 
hope in the near future to publish the results for a number of different 
individuals. 


EastTMAN Kopak Co., RocHEesTER,NEW YorRK. 
6 J.0.S.A. & R.S.L, 6, pp. 527-96; 1922. 

















SENSITIZATION FOR THE ENTIRE VISIBLE SPECTRUM* 


By Burt H. Carroii 


Although the quality of modern panchromatic emulsions has greatly 
reduced the number of uses for which bathed plates are necessary, the 
formula which follows will produce results not entirely equalled by any 
commercial material. As the color sensitivity is particularly uniform, 
the stability and white light sensitivity unusually high, and the freedom 
from irregularities good, the formula seems worth description in spite 
of its numerous predecessors in the literature. 

The quantities for a 5 X7 plate tank are as follows: 


Distilled water 1500 cc 
Pyridine 15 cc 
Pinacyanol solution 1:1000 6 cc 
Pinaflavol solution 1:1000 6cc 


The pyridine and dye solutions are mixed together and then added 
to the water; if the dyes are added before the pyridine, there is danger of 
flocculation. Plates should be given a 5-minute pre-wash in distilled 
water, then bathed for one hour at a temperature not higher than 15°C. 
An alcohol rinse to assist in drying is optional. The tank must, of 
course, be scrupulously clean. On account of the great dilution of the 
dyes, not more than one dozen plates should be bathed in this quantity. 

Pyridine has been substituted for the quinoline recommended by 
Renwick and Bloch! because there is less depression of the blue sensi- 
tivity when it is used. In poorly ventilated rooms the pure pyridine 
should be handled with care. The combination of pinaflavol and pina- 
cyanol gives the most uniform sensitivity which has been obtained in 
this laboratory, the minimum in the green, common to panchromatic 
plates, be‘ng entirely eliminated by the pinaflavol. It may be noted 
that pinaflavol is entirely unsatisfactory when used in the type of bath 
commonly used with pinacyanol or pinaverdol; alcchol greatly reduces 
its effectiveness, while ammonia causes heavy fog. 

The results described in this paper were obtained with Eastman 36 
plates. Better relative color sensitivity could be obtained with a finer- 
grained emulsion at the expense of total sensitivity. The exposures 
(Fig. 1) were made with the spectrograph described in Bureau of 


*Published by permission of the Director of the Bureau of Standards of the U. S. Depart- 
ment of Commerce. 


1 Renwick and Bloch, Photo. Journ., 60, p. 145; 1920. 
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Standards Scientific Paper No. 439, a gas filled incandescent lamp 
serving as light source. Sensitometer and filter-factor tests were made 
by Mr. Raymond Davis, using the non-intermittent sensitometer 


atin a ND a. 
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Fic. 1. Spectrogram of bathed plate, with commercial panchromatic plate for comparison. 
The exposure at each horizontal line is one-fourth that at the next lower line. (1) Bathed plate, 
3 min. exposure; (2) commercial, 3 min.; (3) bathed, 15 min.; (4) commercial, 15 min. Note 
that the bathed plate shows no trace of the minimum near 525 mu, which is evident in the commer - 
cial plate even on long exposure. 


described in Bureau of Standards Scientific Paper No. 511, and the 
filter-factor apparatus described in Scientific Paper No. 409. As the 
light source used in these instruments has the quality of average noon 


TaBie 1. Characteristics of bathed plates 


























Days after B. S. Average | Average Filter Factors 
bathing speed gamma fog (Wratten filters) 
A B K; 
1 315 1.20 0.17 10.1 9.3 15.2 
15 340 1.05 0.29 
32 260 1.17 0.29 
Unsensitized plate 260 1.24 0.11 | | 
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sunlight (color temperature 5325°K), panchromatic plates tested with 
them are not given the fictitious speeds caused by the use of uncorrected 
artificial light sources. The results are given in Table 1. It is evident 
that the plates are still in good condition after storage for a month. 
The increase in white light speed on bathing a plate as sensitive as the 
Eastman 36 has not been obtained with any other formula used in this 
laboratory. 
BUREAU OF STANDARDS, 
WasurnctTon, D. C. 


Fine-structure of Hydrogen and ionized Helium.—A further 
announcement by Gehrcke of measurements upon these fine-structures, 
over which there is a controversy as to whether they do or do not ex- 
actly coincide with the predictions of Sommerfeld’s theory (in which 
they are ascribed to the relativistic variation of electron-mass 
with speed), seems to bring the eventual resolution of this controversy 
a little closer. Measurements on the ionized-helium line \4686 by Leo, 
using a grating, showed 6 components of which the three brightest have 
the proper (theoretical) spacing if they are due to the transitions 4, to 
33, 43 to 3, and 4, to 3,; while if this assignment is made, then the three 
faint ones agree in situation with the transitions 4, to 3,, 4; to 33, and 
the closely-adjacent pair 4, to 3. and 4, to 3;. Thus there appears to be 
agreement with the theory so far as the spacings go, although there is 
not complete agreement with the selection-rule for k. However, 
Gehrcke reiterates that his latest measurements on Ha give a spacing 
80 per cent as great as the theoretical one. These were made with a 
Lummer plate, and so also were measurements on the first five lines of 
the Balmer series reported by Hansen, who cooled the hydrogen to 
liquid-air temperature. The hoped-for separation of any line into more 
than two components was not attained; but he recorded peculiarities 
in the shape of (the photometer-curve for) each line, and a variation 
with pressure of the relative intensities of the two peaks of each doublet, 
which he wishes to interpret as resulting from the action of electric 
fields (due to the atoms themselves) in bringing out components con- 
travening the selection-rule for k; but this theory is not well supported 
by the data. Hansen does not give values for the spacing of the doublet 
components, though he says that it increases with the order-number 
of the line. The discussions of these papers, reprinted along with them, 
are instructive—[{E. Gehrcke, Reichsanstalt; Phys. ZS., 26, pp. 675-77; 
1925. G. Hansen, Jena; Phys. ZS., pp. 678-80; 1925.] 


Kart K. Darrow 
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THE WAVE LENGTH OF ENTLADUNGSSTRAHLEN 
AND THEIR TOTAL REFLECTION 


By Exvizasetsa R. Larep 


The term Entladungsstrahlen was used by Wiedemann to designate 
the radiation coming from an electric discharge in air at atmospheric 
pressure, or reduced pressures, which would excite thermoluminescence 
in certain substances not rendered thermoluminescent by ultraviolet 
light, and which was absorbed by fluorite. The writer showed! in 1913 
that the radiation from a condenser discharge in air at 5 mm pressure 
may be equivalent to x-rays produced by 3500 volt electrons. That 
part of the radiation from (a) a short spark in a Leyden jar circuit in 
air at atmospheric pressure, and (b) the spark of an induction coil, after 
it has passed through 4 cm or more of air, which is not transmitted by 
quartz or fluorite, is that mainly referred to in this note. This radiation 
though filtered through air, is not homogeneous, since celluloid about 
30up thick transmits about 20 per cent of (a) when the effect is measured 
by ionization in air containing a little turpentine vapor, and perhaps 
4 per cent when it is measured by ionization in air alone. For con- 
venience the constituents suggested by this may be referred to as X and 
Y. The coefficient of absorption of air was found? to be 26, or u/p = 200. 
Since these early experiments the transmission of celluloid in the region 
from 1700A to 450A has been followed in the vacuum spectrograph.’ It 
was estimated that a thin celluloid film transmitted from one half to one 
fifth down to 900A and probably not much over one-twentieth below. 
The transmission has also been determined by the use of soft x-rays 
and a thermoluminescent detector from 350 to 20A, and from 40 to 
10A by an ionization method involving the use of a celluloid window; 
the absorption of air’ in the region from 40A to 20A was also measured 
by this method. Holweck® also by a similar method investigated the 
absorption of celluloid over a wide range, and of nitrogen. With the 
aid of these measurements, it seems possible to place the Entladungs- 
strahlen. 


1 Phys. Rev., 5, p. 338; 1915. 

? Phys. Rev., 30, p. 293; 1910; 33, p. 512; 1911. 
3 Phys. Rev., 15, p. 543; 1920. 

* Annalen d. Phys., (4), 46, p. 605; 1915. 

5 Phys. Rev., 15, p. 297; 1920. 

* Ann. de Phys., 17, p. 5; 1922. 
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The transmission through celluloid limits the wave length of the 
constituent X to one of two regions,,that between 60 and 150A or that 
around 900A, since for wave lengths between these regions the trans- 
mission is less, and outside them it is greater. For air the absorption 
is greater in the region of 60A than for X and since for nitrogen it was 
found to increase with wave length as far as investigated, and would 
theoretically do so until the Z absorption limit is reached, it follows 
that the wave length of X lies near to 900A. On the other hand the 
smaller transmission of celluloid for Y places it in the region of greater 
absorption between 900A and 200A and still on the long wave length 
side of the absorption band of air, i.e., probably between 900A and 
400A. In the radiation from the spark without capacity, (b), there is 
a larger proportion of the longer wave length present, since the increase’ 
in ionization with turpentine vapor is greater in this case than in case 
(a). This fact was difficult to understand when it was supposed that 
with diminishing wave length the penetration through celluloid should 
be greater. 

There is no direct evidence for the transparency of air in the region 
referred to. According to the results of Lyman a second absorption 
band of oxygen was showing up at the extreme limit of fluorite trans- 
mission, but it seems necessary to conclude that such a region of trans- 
mission exists, and that the radiation from a spark discharge in air is 
limited towards the shorter wave lengths where this region ends. The 
existence of a region of high absorption following this, so that 5 mm 
air at atmospheric pressure would practically completely absorb radia- 
tion down to 15A explains the fact observed® that as the pressure is 
diminished, perceptible increase in radiation after passing a window 
into the atmosphere, is not found until a pressure of about 2 cm is 
reached. If at 5 mm pressure the radiation includes wave lengths of 
3.5A, estimated by secondary electron velocities, and by absorption 
observations, it is fair to infer that at atmospheric pressure, with similar 
electric circuit conditions, the radiation would include wave lengths 
as short as 500A, in agreement with the conclusion reached above. 
Then as the pressure is diminished, the region of air absorption is 
traversed, and not much effect is found until the short wave length side 
is reached. It is evident that the radiation for which the coefficient 
of absorption is very large will produce much ionization close to the 
spark, virtually along its path. It is suggested that the spreading out 


7 Phys. Rev. 33, p. 515; 1911. 
8 Phys. Rev., 33, p. 523; 1911. 
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of the discharge at lower pressures is connected with the greater distance 
at which the radiation would be effective, as an ionizer, as the pressure 
diminishes. . 

Hofimann® attempted to reflect the Entladungsstrahlen, and got no 
results. In 1909 the writer obtained about 4 per cent reflection at angles 
of about 45° using an ionization chamber to detect the radiation and 
found that the amount reflected differed little for the different surfaces 
used. It was thought that it might be worth while to repeat the experi- 
ments at smaller glancing angles. A beam of radiation from an 8 mm 
spark between steel spheres 6.4 mm in diameter in a Leyden jar circuit, 
limited by a 3 mm slit, formed by the reflecting surface and a mica 
screen at right angles to it, passes after reflection into an ionization 
chamber containing a trace of turpentine vapor; or the reflecting surface 
is removed and another screen put in place to leave the same slit as 
before. The slit is placed symmetrically with respect to the opening 
into the ionization chamber, and 2.2 cm above it, the spark is 4.4 cm 
above the opening. Tests showed that with the reflecting surface 
removed, and the opening into the ionization chamber on the opposite 
side from the spark covered, no efiect was produced. The method of 
experiment was to measure alternately the ionization produced by the 
reflected beam and the direct one. The result showed apparently total 
reflection for glass at a glancing angle of tan-'3.1/22 and not at tan“ 
3.5/22. Nearly the same angle was found for a celluloid surface, and 
a nickel one. Nickel covered with lamp black gave nearly 50 per cent 
reflection at this same angle. If the angle tan~'3.1/22 is taken as the 
critical angle for air-glass, the index of refraction is .990 at about 900A. 
The sources of error are not larger than indicated by the range of angle 
given. 

From these results one might expect to work more rapidly with a 
grating in this region if set to use large angles of incidence, and it 
should be possible to test the transparency of air directly in this region. 

Mount Horyoke COoLtece, 

SoutH HaApLey, Mass. 


® Wiedemann Ann., 60; 1897. 
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Conductivities of single crystals and polycrystalline rods of 
metal below 5°K.—These first results with the new liquid-helium 
plant’at the Reichsanstalt show supraconductivity commencing for 
tin between 3.63 and 3.61°K, for lead somewhere above 4.21°K, not at 
all for cobalt nor for gold anywhere above the lowest attained tempera- 
ture 1.6°K. A polycrystalline gold wire of extreme purity, heat-treated 
at 350°C for 3 1/2 hours, exhibited accurately the same trend of re- 
sistance with temperature as all but one of a batch of single-crystal 
wires, all having at 1.6°K, about .001 the resistance at 273°K. Before 
heat treatment the resistance of the wire at 1.6°K was tenfold greater 
than ‘oe [W. Meissner, Reichsanstalt; Phys. ZS., 26, pp. 689-94; 
1925. 


Kart K. Darrow 


Quantum-theory for imperfectly periodic Systems.— 
The principal idea is, that if the period of a certain intra-atomic motion 
is not much less than the time-interval during which that motion re- 
mains unaffected, the quantization of that motion is imperfect or non- 
existent. The test lines in finding whether quantization induced by an 
external magnetic field is less nearly complete when the field is greatly 
varied or the atom undergoes a collision within an interval of the order 
of the period of the Larmor precession produced by the field. Thus, if 
the magnetic field acting upon atoms of a gas is fixed at a certain value, 
and the density of the gas is increased steadily so that the mean time 
interval between intermolecular collisions decreases, the quantization 
in direction which the molecules initially exhibit may be expected to 
diminish or cease at about the density where this interval equals the 
period of the Larmor precession. This is in quantitative agreement 
(accuracy not definitely stated) with Glaser’s observations on the sud- 
den change in the apparent susceptibilities of gases at critical values of 
density. (In the experiments of Stern and Gerlach the atoms flying 
across a magnetic field spend a much longer period in the magnetic 
field than the time of a cycle of the Larmor precession). Again, if the 
magnetic field acting on a gas emitting resonance radiation be decreased 
until the period of the Larmor precession falls below the average life of 
the atom in its abnormal state, the depolarizing effect of the field de- 
creases; and the same effect occurs if the field is alternating, of maximum 
value sufficient to depolarize the radiation, but of frequency so high 
that its period is less than the life of the atom. The source of the 
energy required to effect the orientations remains inexplicable. These 
seem to be the only tested consequences of Slater’s ideas.—|J. C. Slater, 
Harvard; Phys. Rev., 26, pp. 419-30; 1925.] 


Kari K. Darrow 














REPORT OF THE COMMITTEE* ON COLOR TERMINOLOGY 
QUESTIONNAIRE 


The Committee on Color Terminology Questionnaire, appointed at 
the beginning of 1924, prepared, and has widely circulated the question- 
naire on color terminology which was sent sometime over a year ago 
to all members of the Society. A large number of replies have been 
received from this questionnaire together with many interesting letters 
and suggestions. The following tables present a statistical survey of the 
replies. No better evidence for the need of a standard nomenclature can 
be offered. 


Statistical report of the Committee on Color Terminology Questionnaire. 
RECORD OF VOTES FOR EACH WORD BY THREE GENERAL DIVISIONS: 
ArT AND Art Epucation (Artists, teachers of art, and representatives of the general public.) 

InpusTRY (Persons in executive or advisory positions in business.) 
Researcn (All members of scientific societies.) 

In order that the answers may be more readily understood the question will precede 
each section. 
(A) What word or words would you use to designate: that agent, force, or action in nature, by 
the operation of which on the organs of sight, objects are rendered visible or luminous? 

Art and 
Art Education Industry Research Total 


A 
Light 147 93 251 491 
Luminous Energy 6 4 15 25 
Radiant Energy 2 1 11 14 
Radiation 6 1 5 12 
Visible Radiant Energy 4 6 18 28 
Visible Radiation 5 5 33 43 
Miscellaneous Answers 5 6 17 28 
Sensitive Dectectibility 1 1 
Luminosity 2 1 3 
Light Effect 1 1 
Luminous 1 1 
Light and Shade 1 1 
Daylight 1 1 
Visual Light 6 
Radiant Vibration 1 1 
Illuminable Radiation 1 1 
Light Activity 1 1 
Physical Light 1 1 
Tiluminant 1 1 


* C. Bittinger, Chairman, Duxbury, Mass., A. Ames, Jr., L. A. Jones, A. E. O. Munsell, 
M. Rea Paul, I. G. Priest, L. T. Troland, W. B. Vanarsdel and E. A. Weaver. 
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A (cont’d.) Art and 


Miscellaneous Answers 
Ether Waves 
Light Ray 
Ether 
Luminous Radiation 
Visible Light 
Luminating Energy 
Light Vibrations 1 


Art Education Industry 


Research 


—_ 


Total 


— ee 


1 


(B) Samples in Group (a), Chart I, differ from each other in only one characteristic; that is, 
they are either lighter or darker. Samples in Group (b), Chart I, differ from each other not 
only in light and dark, but each recall to mind some part of the rainbow or spectrum. In 


other words, there is a fundamental difference between Groups 


words would you use to designate the samples in Group (a)? 


Bia) 
Achromatic Colors 18 
Grays 40 
Gray Colors 5 
Gray Tones 29 
Neutral Colors 34 
Neutral tones 16 
Neutrals 10 
Hueless Colors 0 
Miscellaneous Answers 29 
Values, from black to white 1 
Black and white values 2 
Neutral Values 4 
Neutral Grays 3 
Whites, grays and black 2 


Non-selective Colors 
Black & white—Neutrals Balance—Gray Tones 
Gray Tints 


Tones of Grays 1 
Values + 
Grays and Black 

Shades 1 


Colors (neutral) 

Gradations of Gray 

Black-to-white Series 1 
Neutral Shades 

True Grays 

Neutral Tints 
Monochrome 
Achromatic Values 
Achromatic Tones 
Achromatic Surfaces 
Black, white and grays 
Shades of Gray 

Grays, black and white 
Absorptive Color 
Drabs 


to 


(a) and (b). 


72 
137 
19 
30 
46 


oOnw sl 


ww 
tN 


— eRe we 


What word or 


107 
207 
29 
74 
108 
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B(a) (cont’d.) 


Colorless Shades 
Achromatic Sensations 
Black, grays and white 
Gray Tints 
Monochromatic Shades 
Tones 

Gray Values 
White-Gray-Black Sequence 
Negative Colors 

White Black Series 
Brightness 

Shades of White and Black 
Achromatic Series 
Achromatic Objects 
Achromatic Lights 
Grays, Whites, Blacks 
Black and White Tones 
Gray Patches 

Shade 

Achromas 

Achromata 
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Art and 


Art Education Industry 


1 


Research 


3 


— eee NO 


— 


What word or words would you use to designate the samples in Group (b)? 


B(b) 
Chromatic Colors 
Colors 
Hueful Colors 
Colored Tones 
Hues 
Color tones 
Miscellaneous Answers 
Hues of Color 
Prismatic Tones 
Selective Colors 
Yellow—a color 
Others—color tones 
Chromatic Difference 
Polychrome Colors 
Tints 
Tones of Colors 
Color-value 
Tone-values 
Colored (patches) 
Colorful Tones 
Selected Colors 
Warm Colors 
Non-grays 
Color Values 
Tints, Shades and Standard Colors 


28 
85 


27 
48 
11 
13 

2 

3 
13 


Total 


ll le 


151 
282 


ZAauee 


— ee 
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B(b) (cont’d.) 
Hueful Tones 
Positive Tones 
Tones 
Chromatic Values 
Chromatic Surfaces 
Hued Colors 
Chromatic Shades 
Spectral Colors 
Chromatic Sensations 
Blues 
Hue Colors 
Color 
Chromatic Tones 
Polychromatic Colors 
Positive Colors 
Color Series 
Chromas 
Chromatic Objects 
Chromatic Lights 
True Colors 
Mixed Colors 
Hue 
Colored Patches 
Spectrals 
Chromatic Hues 
Chromata 
Chromes 
Chroic Colors 
Assorted Colors 
Colored Shades 
Colorful Tones 
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Art and Art 


Education Industry 


, yellow, reds, browns 1 


1 


~~ & NP 


Research 
3 
1 


— ee WN 


— i Oe 


Total 


gud pus bet ped bad bah bat bb bee AD feo Oat Ped tet AD Oe ND tee oe Ome tet et Gd Gd Oe ee ee Oe ee oe 


(C) All the samples on Chart I, both Group (a) and Group (b), have been gathered together 


on Chart IT. 


What word or words would you use to designate all the samples on this chart? 


Cc 

Colors 89 

Tones 36 

Visual Sensations 12 

Visual Tones 12 
Miscellaneous Answers 

Values and Hues of Color 1 

Colors and Grays 

Color Variances 1 

Contrasting Colors 

Tints 


_ wT 
“awn 


221 
29 
31 
11 


384 


S&S 
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Art and Art 

C (cont'd) Education 
Color-value 1 
Tone-values 1 
Grays, Black and Colors 
Grays and Colors 1 
Grays and Colored (patches) 
Mixed Tones 1 
Shades and Colors 1 
Color Tones 4 
Visual Tones 1 
Gray Tones and Colors 1 
Miscellaneous Colors 
Visual Stimuli 
Color Sensations 2 
Tones and Neutrals 1 
Shades 2 
Colors and Tones 
Color Values 1 
Color Notes 1 
Shades and Tints 
Tones of Colors 1 
Colors, and black and white 1 
White Light and Colors 
Visual Data 
Colors and Tones 1 
Colored Surfaces 
Assorted Colors 
Colors, Grays, Black and White 3 
Neutral and Color Tones 1 
Colors and Shades of Gray 
Colors, tints, shades 1 
Various Color Samples 
Neutral Tones and Colors 1 
Intensities 1 
Light Perceptions 1 


Brightnesses and Colors 

Visual Qualities 

Visual Objects 

Chromatic and Achromatic Visual Objects 
Shades of Colors 

Mixed Colors 

Colored Patches 

Tone Variations 

Color Tones and Values 

Color Shades 

Neutral Grays and Colors 
Colors and Tones and Neutrals 
Variegated Colors 

Stimuli 


Cotor TERMINOLOGY 


Industry 


Research 


~~ 


en ~ 


ee NR RS He 


Total 


1 
1 
1 
5 
1 
1 
2 
7 
1 
1 
1 
4 
2 
1 
2 
1 
1 
2 
1 
1 
1 
1 
1 
2 
1 
1 
5 
1 
1 
1 
1 
2 
1 
1 
1 
3 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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(D) Samples 1 to 9 on Chart III are arranged in a simple sequence. As the numbers increase 
the samples become lighter. This sequence represents the first attribute of the samples 
on Chart II, which, for convenience, we shall call Attribute X. 


What word or words would you use to designate this sequence (Attribute X)? . 
D 
Brightness 9 13 153 175 
Brilliance 3 3 28 34 
Intensity 20 22 52 94 
Luminosity 5 13 34 52 
Value 114 50 27 191 
Values 7 1 2 10 
Miscellaneous Answers 21 16 46 83 
Depth 1 3 4 
Tone Intensity 1 1 
Hue-Values 1 1 
Gray Tones 1 1 
Gray Toning 1 1 
Non-selective Brightness 1 1 
Tint 1 2 3 
Gradations 2 2 
Value Scale 2 2 
Tone 2 2 
Luminous Blend 1 1 
Tone Depth 1 1 
Relative Values of Gray Tones 1 1 
Value Sequence 1 1 
Graded Values 1 1 
Lightness 2 5 7 
Color Gradations 1 1 
Intensity Value 1 1 
Variation in Depth of Color 1 1 
Density 1 1 
Reflecting Power 1 i 
Shade 1 1 2 4 
Shades 2 4 6 
Intrinsic Brilliance 1 1 
Intermediate Grays 1 1 
Colors 1 1 
Tones 1 1 
Gradation of Tones 1 i 
Admixture with White 1 1 
Tones of Varying Intensity 1 1 
Strength 1 1 2 
Value Density 1 1 
Grades 1 1 
Shade Gradation Decreasing 1 1 
Color-cadence 1 1 
Tone Value 1 1 2 
Sequence Values 1 1 
Tonal Intensity 1 1 











July, 1926] CoLor TERMINOLOGY 49 


Art and Art 
D (cont'd) Education Industry Research Total 
Color Brightness 1 1 
Chromatic Shades 1 1 
Color Strength 1 1 
Value Tones 1 1 
Light Intensity 1 1 
Degree of Brightness 1 1 
Albedo 1 1 
Brightness value 1 1 
Hypochromism, or Decreasing 
Depth of Shade 1 1 
Achromatic Intensity 1 1 
Range of tints of gray 1 1 
Tones 1 1 
% Reflection 1 1 
Neutral Values 1 1 
Brilliancy 1 1 
Pitch 1 1 
Scale of Pitch 1 1 
Ratios of Tones 1 1 
Reflectivity 1 1 
Light Medium or Dark 1 1 
Decreasing Depth of Color 1 1 


(E) In Chart IV the Groups (c) and (d) are similar in Attribute X, but Group (c) is con- 
sistently different from Group (d) in a second attribute which we shall call Y. This 
attribute is shown in an orderly way in Chart V where the samples 0, 1, 3, 5, 7, 9 are 
arranged in a sequence (Attribute Y). As the numbers increase Attribute Y becomes more 
strong, as is shown from the sample in the center to the Red, Yellow, Green, Blue and 
Purple. 

What word or words would you use to designate Altribute Y? 


Art and Art 


E Education Industry Research Total 
Chroma 29 23 31 83 
Color Intensity 61 33 53 147 
Purity 17 18 77 112 
Saturation 23 11 137 171 
Strength 12 21 20 53 
Intensity 21 6 2 29 

Miscellaneous Answers 17 12 31 60 
Brightness 1 4 5 
Color Values 1 1 
Color or Tone Saturation 1 1 
Hue Concentration 1 1 
Color Tones 1 
Color Toning 1 1 
Selective Brightness 1 1 
Absorption 1 1 
Color Depth 1 1 
Relative Values of Positive Colors 1 1 
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E (cont'd) 
Chroma Sequence 
Color Strength 
Purity of Color 
Tone 
Depth 
Chromatic Saturation 
Relative Saturation 
Hueivity 
Color Harmony 
Low Tones 
Color Purity 
Chromatic Intensity 
Color Saturation 
Shade Gradation Increasing 
Color Note Volume 
Color Value 
Chromatic Color Intensity 
Chromatic Color Tones 
Colors, Shades 
Shade 
Color Vividness 
Chromaticity 
Bathochromism, or Increasing 

Depth of Shade 
Intensity of Color 
Monochromatism 
Fullness 
Concentration 
Ratios of Intensities 
Chromatic Progression 
Quality 
Brilliancy 


(F) The word commonly used to designate the quality difference in the rainbow or spectrum 


(Attribute Z on Chart VI) is Hue. 


Do you agree to the use of this term? Have you any other word or words to describe, i.e., 
differentiate, the quality difference in the rainbow or spectrum? 


F 
Yes 
No 
Miscellaneous Answers 
Color 
Colors 
Tone 
Visible Radiant Tones 
Color Tone 


Color Value Gradation 
Wave-length 


Art and Art 
Education 
1 


2 
2 
1 


NR 


154 
14 
17 


10 
1 
1 


Industry 


Research 


—_ ee ND 


1 
1 





Total 


ee ee ee ee ee 
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F (cont'd) 

Shade 

Color Intensity 
Tones 

Color Values 
Chromatic Values 
Chroma 

Tonality 

Positive Colors 
Visible Spectrum 
Scale of the Spectrum 
Frequency 

Tint 

Color Shades 
Grades in Color 
Color Note 
Chromatic Tonality 
Wave Frequency 
Prism-blend 
Chromatic Quality 
Color Difference 
Color Quality 
Shade of Color 
Spectral Region 
Spectrum 
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1 
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Industry 
2 
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Research 


1 
1 
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Analysis of the Spectrum of Lead.—Photographs of the spec- 
trum of lead from 2000A to 5200A were made with an apparatus de- 
signed to bring out an unusually large number of lines of each series, 
the vapor being rarefied and carefully kept free of residual gases, 
excited by a dense electron-stream and observed in a long tube sighted 
end-on. Preliminary observations with thallium showed that the diffuse 
and sharp subordinate series of the doublet system could be observed 
to the 23rd and 18th line respectively. The study of the spectrum of 
lead resulted in identifying or prolonging a number of series due to com- 
binations between terms of the S, d:, d. and ds sequences on the one 
hand, and four terms designated as fo, p1, 2 and P: on the other hand; 
the subscripts denote the inner quantum numbers ascertained by the 
usual procedure of identifying the absent or feeble combinations. The 
relative intensities of the lines originating in the three states of a group 
md,, mdz, md;, and terminating in a common state (e.g. P2) vary with 
m in a curious way which suggests a grave difference between these and 
the triplet groups in an alkaline-earth spectrum. Many lines terminate 
in a state Po of inner quantum number 0; and there is one series of 
terms agreeing so closely with hydrogen terms from the fourth onward 
that the authors regard it as the f-sequence (although its terms com- 
bine with p-terms). A considerable number of lines remain unclassified. 
—|[H. Gieseler and W. Grotrian, (Potsdam); ZS. f. Phys., 33, pp. 374- 
88; 1925.] 


Kart K. Darrow 


Dispersion of Hydrogen.—The latest and reliable set of observa- 
tions on the refractive index m of hydrogen from 1854A to 5461A is 
almost adequately expressed by a formula of the classical type 

n—1=2C,/(v?Z—v)? 

in which there are two terms on the right, for which »; corresponds to 
943A or 13.1 equivalent volts, and to 734A or 16.8 equivalent volts, 
respectively. Similar studies of the noble gases (This Journal, 1//, 194) 
showed that their dispersion-curves could be reproduced by such a 
formula, in which is (arbitrarily) but equal to the resonance-frequency 
in one term, and in the other term must then be given a value somewhat 
greater than the ionizing-frequency. This interpretation may be ex- 
tended to the case of H., since the first resonance-potential and the 
ionizing-potential have been evaluated at 13 and 16 equivalent volts 
respectively.—[H. Schuller, and K. L. Wolf (Potsdam); ZS., f. Phys., 
34, pp. 343-46; 1925.] 


Kari K. Darrow 
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Isotopes of mercury.—‘“‘Quite recently, by means of a new and 
more powerful mass-spectrograph, I have been able to resolve the 
isotopes of mercury, and so determine its composition, which was pre- 
viously in some doubt. I find that it consists of 198, 199, 200, 201, 202, 
204. There is no isotope 197 previously suspected.” This appears to 
demolish the argument that a mercury atom might be transmuted into 
a gold atom by an electron attaching itself to the nucleus. [F. W. Aston; 
Nature, 116, pp. 902-04; 1925.] 


Karr K. Darrow 


Photoelectric conductions of “colored” NaCl crystals at 
very low temperatures.—NaCl crystals colored by irradiation with 
x-rays (an effect attributed to formation of minute groups, possibly 
individual Na atoms) become conductive when illuminated by visible 
light, the effects having a sharp maximum at a certain wave length. 
This wave length, known to be about 465 my at room-temperature, 
descends to 455my at 80°K and to 380 my at 21°K. It is pointed out 
that if this last wave length be divided by the index of refraction for 
NaCl at 380 my, the quotient agrees with the ionizing potential of 
free sodium atoms; a relation to be tested for other substances. Should 
a definite connection be established between this and the ordinary 
photoelectric effect, as seems plausible, the foregoing evidence would 
support the evidence for a displacement towards shorter waves of the 
threshold of the photoelectric effect, as the temperature is diminished 
(This Journal, 8, 551; 11, 66).—{B. Gudden and R. Pohl; ZS. f. Phys., 
34, pp. 249-54; 1925.] 


Kart K. Darrow 
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A LARGE ELECTROMAGNET FOR USE WITH A BETA RAY 
SPECTROGRAPH 
By L. F. Curtiss* 


A uniform magnetic field of considerable area is required for the 
investigation of beta ray spectra. This field must be produced in an 
air-gap of some length to permit the beta ray spectrograph to be inserted 
between the poles of the magnet. Since electromagnets of this kind are 
comparatively rare, it seems desirable to describe one which was 
designed and built specially for this purpose. 

It is well briefly to consider first the specific requirements for such 
a magnet. Since the velocities of the various lines in the beta ray 
spectra are directly calculated from the intensity of the magnetic field, 
it is very important that the field should be uniform throughout the 
entire path of the particles. As Hartree' has shown, the greatest 
uniformity is required in the middle of the semi-circles traversed by 
the particles. However, if work of high precision is to be attempted, 
the field should be everywhere uniform to 1 part in 1,000, and of course 
much better than that in the central portion. For the study of many 
spectra a fairly high dispersion is essential. This means that the field 
should have a large area. A convenient value for the maximum radius 
for the circular path of the beta particles is 7.5 cm. This will give 
adequate separation of the lines of all known spectra and it would be a 
very unusual case that would require higher dispersion. Consequently 
the magnetic field must be uniform to 1 part in 1,000 over a circle at 
least 15 cm in diameter. Fortunately very intense fields are not re- 
quired. The relation between H, the intensity of the magnetic field, 
p, the radius of the circle on which the beta particle travels, and the 
velocity v of the particle is expressed by the following equation: 

Mod 

eVi— 

where B=v/c, e is the charge and mp» the mass of the electron. If p 


is equal to 6 cm and H is 5000 gauss, 6 comes out 0.998. Hence a particle 
traveling with 99.8 per cent the velocity of light will be bent in a circle 


Hp 


* National Research Fellow. Published with the permission of the Director of the Bureau 
of Standards, Department of Commerce. 


1D. R. Hartree, Proc. Cam. Phil. Soc., 21, p. 746; 1923. 
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of 6 cm radius by a field of 5000 gauss. Since no known beta particles 
have velocities above this value, which corresponds to the velocity 
acquired by an electron falling through more than 8} million volts, 
we may safely put the maximum intensity of the magnetic field at 5000 
gauss. The beta ray spectrograph is a box of non-magnetic material 
which can be evacuated and contains suitable screens for shielding the 
photographic plate from stray particles. Such a box cannot be made 
conveniently less than 4 cm thick outside. In order to provide 
for unusual conditions it is well to make the air-gap 5 cm wide. The 
magnet described in this paper was designed to fulfill the requirements 
which have been outlined in this paragraph. 

The enclosed yoke design was selected as most suitable. In this type 
the coils and pole-pieces are set inside an iron frame, or yoke, which 
serves to complete the magnetic circuit. This feature reduces stray 
fields to a minimum. Not only does this increase the operating effi- 
ciency of the magnet but it also makes it more generally useful by 
avoiding interference with other instruments. With this type the coils 
may conveniently be placed on the pole pieces near the air-gap which 
is also an advantage. Although the air-gap is not as accessible as in 
the more familiar horseshoe type, it can be got at from two sides and 
this slight disadvantage is compensated by the freedom from stray 
fields. 

After some investigation, Armco? iron was chosen for the core of the 
magnet. This material is the most nearly pure of commercial irons and 
is exceedingly uniform in quality. When annealed it has a fairly high 
permeability for the usual range of magnetizing fields. A B-H curve 
from measurements made by Arnold and Elmen® is given below in 
Fig. 1. The maximum permeability is much higher than annealed 
Swedish iron‘ as shown also by the graph. Most important, however, is 
the fact that this iron is extraordinarily homogeneous. This is of great 
consequence when making a magnet to produce uniform magnetic 
fields. It also has the advantage over so-called “dynamo steels” in 
that it contains very little carbon and consequently does not have 
inhomogeneities due to chemical segregation. 

In order to make certain of a uniform field over a circle 15 cm diam- 
eter, it was decided to make the diameter of the pole pieces 24 cm. Since 


2 This material was obtained through the cooperation of Dr. J. R. Cain of the American 
Rolling Mill Co. He very kindly arranged for a careful annealing of the iron in the laboratories 
of the company. 

3 Arnold and Elmen, Jour. Frank. Inst., 195, p. 621; 1923. 

* Glazebrook, Dict. of Applied Phys., 2, p. 509. 
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it is simpler to wind circular coils, the pole pieces and spools were made 
cylindrical. This form of spool can be wound more closely than a square 
spool. The selection of the size of the wire involves a consideration of 
available sources of power. Since it is essential to operate the magnet 
on storage batteries for accurate work, the maximum voltage was set 
am120 volts. A rough calculation shows that approximately 20,000 
att pere turns are required o produce a field in the air-gap of 5000 gauss. 
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Fic. 1. A B-H curve showing comparison of Armco iron and Swedish charcoal iron. 

Consequently if 2500 turns of wire are put on each spool, 4 amperes are 
required to produce this field. Hence the resistance must not be more 
than 30 ohms. After considering the allowable space for the spools 
it was found that a wire having less resistance could be used and still 
have 2500 turns on each spool. Therefore No. 10 enamel and cotton 
covered wire was selected. Twenty-five layers of this wire are about 
7.2 cm thick. Since the current through the magnet must be frequently 
reversed in operation and high voltages will be induced in the windings 
as a result, it is necessary to have empire cloth between each layer of 
wire. This brings the total thickness of the winding to about 7.7 cm, 
so the spools were made 8 cm deep. This arrangement requires 100 
turns per layer. The coil must then be about 27 cm long. The spools 
were made from seamless brass tubing fitted closely to the pole pieces. 
Flanges were soldered to the ends to form a channel for the winding. 
The total resistance of both coils when completed was 16.5 ohms. 
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Fig. 2 shows a cross-section and end view of the magnet as con- 
structed. The windings are indicated for one spool. The yoke is held 
together by bolts and taper pins not shown in the drawing. These as 
well as the bolts holding the pole pieces in position are made from Armco 


















































Fic. 2. Cross-section and end view of electromagnet. 


iron. Since each pole piece weighs about 250 pounds and the coils an 
equal amount, the pole pieces must be securely bolted to the frame. 
Part of the shearing load is supported by the shoulder made by counter- 
sinking the pole pieces into the end yoke as shown in the cross-section. 

The magnet was tested for the reproducibility of the fields for various 
values of the current. An example of such a test is shown below in 
Table 1. These figures were obtained by adjusting the current through 
the magnet and then reversing it five or six times. Throws of the 
galvanometer were observed on rotating the search coil. Four such 
readings were taken and then the current was again reversed and three 
more readings taken. 

















TABLE 1 
SS — — a 
Current through | Galvanometer Current through | Galvanometer 
magnet throw magnet | throw 
Current reversed 

1.693 amp. 46.56 1.693 amp. 46.50 

. “a 46.51 ™ ss 46.59 

. y 46.55 . - 46.53 

. 46.56 . | ect 








These tests indicated that for many experiments where extreme preci- 
sion is not required, the intensity of the magnetic field can be obtained 


from a calibration curve. Such a curve was prepared by the usual 
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method using a flip coil adjusted 
to rotate through 180°, a ballistic 
galvanometer and a standard of 
mutual inductance. 

The flip coil was made as 
shown in Fig. 3. The coil C, 
wound on Redmanol, was 
mounted at the end of a hollow 
brass shaft, free to rotate within 
a larger brass tube. This tube 
has a brass disk D at the upper 
end carrying a catch G and stop 
{ R for the rotating arm A, 


R- 
fastened to the inner shaft. The = Ati. = "aI 


arm can be made to rotate 


through exactly 180° by adjust- Q 
Sy 





—=}-—- 























ing the stop which has an ec- 
centric collar. When the catch is 
released the arm is caused to 
swing round against the stop by 





the phosphor bronze spring S, 
attached between the inner and rq 
outer tubes. The tension of this | 
spring can be adjusted to give | 





the necessary quick motion 
without appreciable rebound. 
The outer tube slides through a B 
collar fastened in a wooden beam 
B and can be clamped at the 
desired position by a set screw. 
This arrangement of the coil 
permits the use of a long shaft 
without vibration. The constant 
for this coil was determined by 
the magnetic section of the 
Bureau of Standards by com- 
parison with two standard coils 
in a uniform magnetic field. 

Several readings were taken of 
the throw of the galvanometer Fic. 3. Flip pong to measure the intensity 
‘ for a rotation of the flip coil in oe 
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the field and on breaking a known current in the primary of the 
mutual inductance. The secondary of the mutual inductance and the 
flip coil were connected in series with the galvanometer so that the 
resistance of the circuit was constant for a given set of observations. 
These readings rarely varied by more than 1 part in 2000 and never 
by more than 1 in 500, if proper precaution were taken in reversing 
the magnetic field and waiting for steady temperature conditions in 
the coils of the magnet. The result of the calibration is shown in 
the curve in Fig. 4. Measurements were also made to test the uni. 
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Fic. 4. Calibration curve for the magnet. 














formity of the field by moving the flip coil to various distances from 
the center and observing the throw for the same value of the current 
through the coils. The results of this investigation are given in Table 2. 
These figures indicate that the field is sufficiently uniform over the 
desired area. They also show the order of precision obtained. For a 
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given current, individual throws of the galvanometer do not vary by 
more than 1 part in 500 and frequently this variation is much less. 





TABLE 2. 

Distance from Throws of Distance from | Throws 
center in cm | galvanometer | center in cm | galvanometer 
0 42.31 | 5 | 42.29 

42.31 | 42.32 
= ——______—- 
| 42.25 
42.30 6 42.34 
| 42.30 42.31 
42.27 | 
42.30 7 42.29 
42.29 
Mean 42.29 
8 42.22 
42.22 
42.23 


Fig. 5 is a photograph of the magnet mounted on a wooden stand 
built for it. Since the assembled magnet weighs about 1900 pounds, 





Fic. 5. Photograph of electromagnet mounted. 


this stand was made more substantial than the ordinary laboratory 
tables. It has no top hence. the air-gap is® accessible from beneath. 
The reversing switch, rheostats, and potentiometer were mounted on 
a separate table. 
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At the right of the picture is a large pyrex diffusion pump used to 
evacuate the 8-ray spectrograph. The spectrograph consists of a brass 
box fitted with connections to the pumps. The box is provided with a 
heavy brass cover to which are fastened all of the internal parts of the 
spectrograph. The cover is sealed to the box with wax and may be 
readily removed by means of the heating coil wound in the grooved 
edge of the cover. With this arrangement all the essential parts of the 
spectrograph are accessible. It is thus easy to align the screens, photo- 
gtaphic plate, and source. Since all these parts are fastened to the cover 
there is little chance of any alteration of alignment. Fig. 6 shows the 
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Fic. 6. Cross-section of B-ray spectrograph. 





spectrograph in cross section. The cross-hatched piece is a block of lead 
screwed to the cover C. The screens and the holder for the photo- 
graphic plate are fastened to this block. The rod extending through the 
lead has a shutter B at one end which can be turned by the glass joint 
G,. This makes it possible to cut off the beam of 6-particles from the 
photographic plate during evacuation. This is particularly convenient 
in cases where it is desirable to adjust the current through the magnet 
before the source is inserted. The source S is carried at the end of the 
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stem of another ground joint G,. The holder for the source is of alumi- 
num, waxed into the glass stem. Since the female part of the ground 
joint is firmly fastened into the brass tube soldered through the cover, 
the source may be removed and replaced in the exact original position 





Fic. 7. Side view of internal parts of B-ray spectrograph. 
without removing the cover. The maximum radius which can be re- 
ceived on the plate is about 7.5 cm and the minimum about 5 cm. These 
are indicated by the two sets of convergent semicircles, which also illus- 
trate the type of focussing which exists in such a spectrograph. Fig. 7 
is a photograph of the internal parts of the spectrograph taken (from 
the side, and Fig. 8) from below. 





Fic. 8. Top view of internal parts of B-ray spectrograph. 
In conclusion, I should like to thank Dr. A. E. Ruark for working 
out the details of the design of the electromagnet. 


BUREAU OF STANDARDS, 
WasuincrTon, D.C., 
Fesruary 15, 1926. 
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Studies of the Spectrum of Copper.—Using an underwater 
spark as source, varying the voltage and the series inductance in stages, 
and classifying lines in the range 3500—2000A according to the stage at 
which each ceased to appear as an emission-line or first appeared as an 
absorption-line, Stiicklen arrives at a (still quite rudimentary) arrange- 
ment of terms into a quartet system in addition to the known doublet 
system. Using some unusually (and irreproducibly) good plates of the 
arc spectrum of Cu in air, the author observed a number of lines ac- 
companied by one or several (eighteen, in one case) satellites, the lines 
with especially abundant satellites being connected with terms of 
particular sequences in the previous classification. These are supposed 
to originate from molecules so loosely connected that the term-value of 
the atom is scarcely altered, yet tightly enough so that they rotate, 
and a transition between two terms of the atom is accompanied by 
a transition between two rates of rotation. A well-developed band of 
CuH is observed and mapped near 2240A in the absorption spec- 
trum of the underwater spark.—[H. Stiicklen, Zurich; ZS, f. Phys., 34, 
pp. 562-585; 1925.] 


Kart K. Darrow 


A Case of selective photoelectric Effect.—The circuit is composed 
of a film of K, Li or Na; of the plate of quartz, NaCl or glass upon which 
the film is spread (and which forms the end of a closed tube so that the 
film is distilled onto the plate in vacuo and so remains); of a layer of 
water; and of a wire, a 1000-volt battery, and a ballistic galvanometer, 
all in series. When the film is illuminated through the plate there is a 
finite displacement of electricity which the galvanometer registers. 
Plotted versus wave length of the incident light, this quantity yields a 
curve resembling the familiar photoelectric current vs. wave length 
curves of an alkali metal cell, with a maximum which for K is near 
430myp. As the effect is independent of the state of polarization of the 
light and of the direction of the potential gradient in the circuit, but 
does not appear “when the plate is especially carefully cleaned and dried 
before the metal is distilled onto it” the authors think that the sensitive 
metal is distributed in minute particles (individual atoms?) through a 
surface layer of the plate, and that the electrons liberated by the light 
from these travel a short but finite distance through the plate substance. 
—{B. Gudden and R. Pohl, (Géttingen) ZS. f. Phys., 34, pp. 245-48; 
1925.] 


Kart K. Darrow 




















THE PRODUCTION OF SELECTIVE EMISSION 
BY FLAMES 


By D. ALBERT KREIDER 
ABSTRACT 

A form of apparatus is described by which illuminating gas, discharging through a type 
of Bunsen burner, may be loaded with salts whose bases produce notable selective emission. 
Spraying units are designed to discharge into a single burner if desired, permitting of rapid 
and easy change from one to another. The flames are remarkably intense and constant. 

All devices known to the author for the study and exhibit of selective 
emission by flames have proved rather troublesome and unsatisfactory 
in practice. The apparatus here described is the result of considerable 
experimentation with this problem and has proved so satisfactory that, 
at the suggestion of my colleagues, this description is published in the 
belief that it will be of service to others. 

Flames of exceptionally rich and constant color are produced. They 
are approximately 1 cm in diameter by 20 cm in height and may be 
maintained if desired for hours at a time, or may be rapidly alternated 
from one flame to another by the mere turn of a gas cock. For the 
successive exhibit of different flames the several units are arranged to 
discharge through a single burner. This is also the most convenient 
arrangement for spectroscopic study. In the latter case the different 
elements may be admitted to the flame singly or mixed. For the simul- 
taneous exhibit of different flames, the same device may be employed 
with multiple burners. 

The essential feature of the apparatus is shown on the right hand side 
of Fig. 1, the arrangement and connections of the glass bulbs A and B 
constituting a single spraying unit. A is about 2.5 cm in diameter and 
9 cm long. It is connected, as shown, to the reservoir B which is of the 
same diameter and about 6 cm long. A zinc rod about 7 mm diameter is 
held practically coaxially with A by a brass rod which passes through 
the cork in the neck of A. An acidulated solution of the salt (chloride 
with HCl) to be vaporized is admitted through the neck of A and stored 
in B. With the gas off, the solution drops out of contact with the zincas 
shown in the right of the figure. When the gas is turned on to the parti- 
ular solution desired the liquid, as a result of the differential gas pressure 
in the two tubes, is raised into contact with the zinc as shown in the 
spraying unit on the left of the figure. The consequent evolution of 
hydrogen sprays the solution into the stream of gas which is immedi- 
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ately discharged into the burner where it produces a uniformly and 
richly colored flame. 

To secure this effect the discharge nozzle, m, must be slightly larger 
than the inlet nozzle, m. The latter, 2, should be between 0.5 cm and 
1 cm long with an inside diameter of between 1 mm and 1.5 mm. If 
the solution supplied to B is the proper amount to be raised by the gas 
to a point somewhat above the nozzle n, the bubbles of gas escaping 
raise a light froth around the zinc which is conducive to copious spraying 
and minimum turbulence in the gas. The nozzle m was made by 








Fic. 1. Device for the production of flame spectra. 


shrinking and drawing it out as uniformly as possible with a rather 
steep taper. It was then cut off where the opening would be slightly 
too small and finally adjusted by careful filing with a flat file, until the 
desired differential pressure was secured. Adjustment of this kind was 
also made among the various units so as to have the discharge from 
each approximately the same. This is not difficult if the inlet nozzles, 
n, have been made with care and uniformity in the different units. 

It is very necessary to have the discharge tube of A as short and as 
nearly straight as is consistent with the assemblage land discharge of 
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the various units through a single burner. Considerable difficulty was 
encountered in the early attempts to lead the sprayed gas into a central 
burner. While sodium could be conveyed to the flame in sufficient 
quantity under almost any conditions, lithium, for example, would give 
only a faintly and intermittently colored flame. Any gyration of the 
gas, or any sharp bends in the discharge tube, evidently results in the 
deposition of the minute droplets of spray on the walls of the tube, so 
that the amount carried into the flame is inadequate for rich and 
uniform coloration. The slight bends in the discharge tube should 
therefore be as gradual and smooth as possible, with the nozzle finally 
turned so as to discharge the gas with its solution content up the burner. 
If the slender jet of gas is allowed to strike the side of the burner a great 
loss of intensity results from a similar deposition of the droplets on the 
burner walls. With the jet reasonably vertical the results are highly 
satisfactory. 

The burner was made of commercial tubular porcelain insulators. 
The lower one, EZ, has an inside diameter of about 12 mm, which is 
large enough to admit the gas from 5 or 6 of the units. With this 
diameter however the burner is apt to strike back. To prevent this a 
short section of a smaller tube, about 7 mm inside diameter, was fitted 
to the top of E as shown and held by a ring of sealing wax. Through 
this combination there was-no tendency of the burner to snap back, 
provided the several units were all filled with gas before attempting to 
light the burner. 

Essential details of the stand on which the apparatus is assembled 
are shown in the figure, which is drawn to scale, the diameter of the 
wood base being 7 inches. A cylindrical brass manifold D, provided with 
the desired number of gas outlets, was fitted into the base and held by a 
screw from beneath. The central standard, C, made of 1/2’’, square 
section, brass rod, was screwed into the top of the manifold. To this 
were attached the required number of spring brass clasps shown at S, 
S, shaped so as to hold the spraying units in place and to permit of 
their easy insertion or removal. A thin brass disc was dropped over the 
top of the manifold to afford a base for the units. To the top of the 
standard was attached a small semi-circular arm in two parts cut out of 
sheet brass and provided with friction heads and thumb screws as well 
as a spring brass clasp. This supported the porcelain burner and 
afforded all needed adjustment of the porcelain. 

In the figure only two of the spraying units are included. Two others 
are mounted at right angles to those shown and one or more in addition 
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may be mounted outside. In the latter case longer discharge tubes, 
with sharper bends, are necessary; but they will serve satisfatctorily 
for at least sodium. 

In using the apparatus, the various units were filled to the proper 
depth with their respective solutions. The solutions were as concen- 
trated as they could be made in the presence of sufficient hydrochloric 
acid to attack the zinc vigorously. The gas was then turned on all of 
the units so as to replace the air and avoid snapping back of the burner 
as each is brought into use. Any desired sprayer unit could then be used 
and the burner lighted. When a different solution is to be tested the 
gas is turned on that unit before turning off the one previously used. 
Thus relighting is avoided. The different solutions sprayed into the 
burner may be quite rapidly and conveniently changed. With each 
turn of the gas cock the active solution in A is replenished from that 
in B. 

A number of other devices for spraying the solutions into the burner 
were tried, but none of them were nearly as satisfactory as that just 
described. A very fine atomizer proved very wasteful of the solution and 
is very apt to soil the burner. 

A substitute simpler than the foregoing to make and which affords 
fairly satisfactory results can be made of a heavy walled test tube, fitted 
with a double bore stopper. Through one of the holes the discharge tube 
with nozzle, m, emerges and through the other is inserted a glass tube for 
the gas supply which reaches to the bottom of the test tube. A piece of 
heavy sheet zinc can be fastened to this tube near the stopper and held 
away from the tube so as to prevent the liquid from adhering by surface 
tension. If the zinc is held clearly above the acidified solution when the 
gas is turned off, the bubbles of escaping gas will raise the level of the 
solution into contact with the zinc, which is again freed when the gas it 
turned off. This was the starting point of the experiment, the object of 
which was to simplify the adjustments, by avoiding the necessity of 
raising or lowering the zinc as in the older devices and as well to get a 
more richly colored flame. This bubbling device, however, produces an 
unsteady or flickering flame, whereas the spraying units shown in the 
figure produce a steady and beautifully colored flame. 

New zinc rods are much more efficient if dipped for a few moments 
into a dilute solution of copper sulfate before their insertion in the 
apparatus. 


SLOANE LABORATORY, 
Yae University, New Haven, Conn., 
NoveMBER 25, 1925. 











A COMBINED PROJECTION LANTERN ELECTROSCOPE 


By Howarp M. ELsEy 


With suitable apparatus, many experiments on the conduction of 
electricity through gases may easily be shown to large groups. The 
combined lantern-electroscope illustrated in Fig. 1 and 2 lends itself 
very readily to such demonstrations. 





Fic. 1. Projection Lantern-Electroscope. 

The lamp body and stand are of sheet aluminum. The 165 watt pro- 
jection bulb is mounted in a fiber receptacle which is carried by an 
adjustable brass clamp. 

The projection lens which is a Bausch and Lomb Series O has an 
equivalent focal length of three inches. This short focus has the ad- 
vantage of keeping the lantern limits small and thus eliminates the 
necessity of bellows. Also, the great depth of focus of a short focus 
lens allows the irregular gold leaf to remain in sharp focus throughout 
its path during charge and discharge. 
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The electroscope, which is simple in design, hangs by its projecting 
sides in the slots A and B. In turn, the lens tube hangs by slots C and 
D on the other side of the electroscope. With this mounting, it is very 
easy to hang the electroscope so that the electrode stem will face the 
audience and the leaf image be projected in a given direction. The 
insulation is of amber and the two amber bits are clamped together and 
held in the recesses of the brass block E by small nuts carried on the 
threaded electrode stem. This scheme of mounting is essentially that 


a | 
] 


used in the Lind! electroscope and has proved most satisfactory for 
these electroscopes as the amber may be readily removed and cleaned. 
This is quite essential as contact with the fingers will render the insula- 
tor useless until cleaned again. 

The mica windows are cemented in place with thickened brass lacquer 
which holds them quite securely. Mica windows have the advantage 
over glass in that the gold leaf will not adhere so strongly to the mica 
on accidental contact. On discharging the mica by bringing radioactive 
material near the window, the gold leaf will let go whereas this is not 
usually true where contact has been made with glass. 

The projecting electrode has been purposely left short so that it may 
be protected when not in use by a brass cap. When in use, plate elec- 
trodes of the size and shape desired, may be screwed on, or a fine wire 
may be run to distantly located ionization chambers. 

The apparatus has proved very successful in lecture work and is 
equally useful for quantitative work where the leaf image may be made 
to fall on a graduated scale. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF KANSAS, 
LAWRENCE, KANSAS. 
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Fic. 2. Diagram of Lantern-Electroscope. 


1 Manufactured by the Denver Fire Clay Company. 











VACUUM SPECTROSCOPY* 
By I. S. Bowen 
I. PHOTOGRAPHIC PLATES 


The first essential to spectroscopic work in the region below 2000A is 
a photographic plate sensitive to these short waves. The plates uni- 
versally used by all workers are those made according to Schumann’s 
formula which is given in detail in his original paper. Further sugges- 
tions are made by Lyman? (p. 131). These plates can be purchased from 
Adam Hilger and Son, in case the user does not care to prepare them. 
They are very sensitive to pressure both before and after development 
and therefore should be handled with great care as the slightest touch 
completely removes the emulsion. On the other hand they do not seem 
to deteriorate rapidly, good results having been obtained with plates 
five years old. Schumann plates are not sensitive to red light, hence 
they can be handled with perfect safety in an ordinary dark room. 

Due to the short focus of most vacuum spectrographs, it is impossible 
to bend a glass plate to the curvature necessary to bring its whole 
length into focus at one time. For this reason some workers prefer to 
use film coated with a Schumann emulsion. These can be obtained from 
Hilger or can be prepared according to the directions given by Hop- 
field.* The main objection to film is its tendency to shrink or expand 
with varying atmospheric conditions. This becomes particularly 
serious in a vacuum where the film shrinks so much that long exposures 
are impossible. 

Developer formulas are given by Lyman? (p. 132) and are also fur- 
nished by the makers of the plates. Most workers prefer to slow down 
development by cooling the developer on ice or by using less con- 
centrated solutions than the original formula calls for. 


* One of a series of reports prepared at the request of the Committee on Research Methods 
and Technique appointed by the Division of Physical Sciences of the National Research 
Council. It is the purpose of these reports to present in brief outline a summary, more or 
less critical, of the methods which may be employed in various kinds of Physical measure- 
ments. See Editorial in this Journal, 9, p. 410; 1924. 

1 Schumann, Ann. d. Physik, 5, 2, p. 349-374; 1901. 

2 Lyman, Spectroscopy of the Extreme Ultraviolet, H, N, A, Al, Ca, Sr, Ba, Mg, Hg, Ag, 
Au, Cd, Cu, Sn, Zn. 

* Hopfield, Phys. Rev., 20, p. 573; 1922. H. N. O. 
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II. SOURCES 


As in regular spectroscopy the arc, spark and discharge tube can all 
be used as sources. McLennan,**® Simeon* and Hutchinson’ describe 
the technique of the vacuum arc suitable especially for the non-volatile 
metals. For obtaining the arc spectra of volatile metals such as cad- 
mium and mercury, methods have been devised by Saunders,* and 
Wolff.’ 

The spark spectrum has been obtained by Lyman? (p. 42) and L. and 
E. Bloch'® with sparks in hydrogen or nitrogen at atmospheric pressure; 
and by Lyman? (p. 91) and Handke" with sparks in air. Both of these 
methods, however, are limited to the region above 1200A by the absorp- 
tion of the fluorite window which it is necessary to employ. With the 
spark in air the limit is usually still higher, due to the absorption of the 
air, unless the spark is placed so close to the fluorite window as to rapidly 
destroy it. 

The spark can also be produced in high vacuum (.001 mm of mercury 
or less) if the electrodes are placed 0.1 to 2 mm apart and a potential of 
25,000 to 50,000 volts applied to them. As this spark can be placed 
directly in the vacuum chamber, no absorbing media need be placed in 
the light path. Hence the limit of the spectrum obtained is set solely by 
the grating employed. The best results are obtained when a capacity 
of .004—.008 mf is connected across the terminals of the transformer 
and a variable spark gap placed in series with the vacuum gap. 

To get the cleanest discharge free from the glow of the residual gases, 
it is necessary to keep the pressure below .001 mm. This glow can 
always be reduced even at higher pressures by decreasing the length of 
the vacuum gap and increasing that of the exterior gap until the spark 
will just pass. 

To obtain the spectra of hard metals by this method, the spark is 
made to pass between two pieces of the metal, held in brass cups. Soft 
metals like sodium or lithium can be worked best in small tubes of 


* McLennan and Lang, Proc. Roy. Soc., 95, p. 258; 1919. 

5 McLennan, Young and Ireton, Proc. Roy. Soc., 98, p. 95; 1920. Tl, Sn,'Sb, Bi, Ca, Pb, 
Se, Mg, Ag, Cu, Al, Cd. 

® Simeon, Proc. Roy, Soc., 102, p. 484; 1923. C.* 

7 Hutchinson, Astrophys. J., 58, p. 280; 1923. Al, Zn, C. 

§ Saunders, Astrophys. J., 40, p. 377; 1914. Ca, Zn. 

* Wolff, Ann. d. Physik, 42, 4, p. 825; 1913. Zn, Cd, Hg. 

10 L. and E. Bloch, Journ. de Phys. et le Radium, 2, p. 229; 1921; C. R. 177, p. 1025; 1923; 
178, p. 472; 1924; Bi, Sn, Sb, As, Pb, Tl, Zn, Cd, Cu, Hg, Ni, Fe, Co, Ag, Au, Pt. 

1 Handke, Berlin Inaug. Diss. 1909. 
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pyrex or aluminum. Elements that can only be obtained in the form 
of small crystals can be bound together by placing them in tubes of 
glass or aluminum and fusing borax over them. The spectra of elements 
that are insulators, or that are available only in the form of compounds, 
can be obtained if the material is packed or fused into aluminum tubes 
between which the spark is made to pass. In case the material itself, 
when used pure, cannot be packed into the tube in a firm enough manner 
to withstand the high electrostatic forces of the spark, greater firmness 
can be obtained by fusion with de-hydrated sodium borate. The use 
of sodium, aluminum, boron, or oxygen, does not introduce any serious 
complications into the spectra obtained as they all have fairly simple 
spectra, the wave lengths of which have been quite accurately deter- 
mined. Consequently their use affords valuable reference lines. 

The sparking must be carried on intermittently as otherwise the 
electrodes and surrounding metal become heated and give off gases 
faster than the pumps can take care of them. Some automatic device 
for closing the primary circuit of the induction coil at intervals of several 
seconds is convenient. 

The use of the discharge tube for obtaining the spectra of gases is 
fully described by Lyman? (p. 40). 

Ill. THE SPECTROGRAPH 

To obtain the spectrum below 1850A, it is essential to eliminate all 
absorbing gases or solids. This, of course, means that the spectrograph 
must either be completely evacuated or else filled with some non- 
absorbing gas such as hydrogen or helium. The absorbing properties of 
various gases and solids in the region between 1850A and 1000A are 
given in Lyman? (p. 11—28; 56-73) and Hopfield.’ 

As fluorite is the only solid transparent in this region, it is evident 
that it is the only medium available for prisms and lenses. But since 
even this absorbs strongly below 1230A, prism instruments are limited 
to use in the region above this value. Such instruments are described 
by Schumann,” Baly," Lyman? (p. 31), Handke," Wolff,? McLennan, 
Ainslie and Fuller,* and Bloch.'® 

Grating instruments suitable for vacuum tube work are described by 
Lyman"? (p. 34-48), and for use with arcs by McLennan,'* McLennan 


% Schumann, Smithsonian Contribution No. 1413. 

43 Baly, Spectroscopy, 3rd. Edition, p. 263. 

4 McLennan, Ainslie and Fuller, Proc. Roy. Soc., 95, p. 316; 1919. Zn, Al, Cu, Tl, Sn, 
Pb, C, Co, Fe, Ni, Cd. 

6 Lyman, J.0.S.A. and R.S.I., 7, p. 495; 1923; Astrophys. J., 60, p. 1; 1924. He* 

% McLennan, Proc. Roy. Soc., 98, p. 114; 1920. 
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and Lang,‘ and Simeon,® and for work with the vacuum spark by 
Sawyer."” 
IV. THE GRATINGS 

The concave grating for use in vacuum spectroscopy should have a 
large angular aperture, as with many sources the time of exposure is 
limited. For discharge tube work in which the spectrograph is filled 
with gas it is also advantageous, for the sake of cutting down absorp- 
tion, to use as short a focus as the desired dispersion will permit. For 
work with the shortest wave lengths the grating should be ruled to 
throw most of the light into the first order. The average grating ruled 
in the manner customary for visible light will give aspectrum extending 
to 600 or 800A while a few freak gratings may go to 300A. To insure 
reaching the latter limit, however, it is necessary to have the grating 
ruled with lighter pressure on the ruling diamond, thus leaving part of 
the original surface intact between the lines. Even with this modifica- 
tion, it is only an occasional grating that gives results below 300A, and 
that extreme efficiency is lost after a few months contact with the air. 

The vacuum spark is more or less destructive to the grating, certain 
substances such as carbon being much more injurious than others. For 
this reason their use should be avoided where possible. 


V. DETERMINATION OF WAVE LENGTH 


Due to the necessity for a very compact design for use in vacuum, all 
spectrographs built for work in this region, depart more or less from 
the simple Rowland form. Because of this the linear relation between 
the position of a line in the plate and its wave length is no longer exact. 
The theory of the corrections for this departure have been worked out 
for the case of a straight plate'* and for a film bent to the focal curve of 
the grating.’ 

For work of the highest precision spectra should be photographed in 
high orders. In this case the lines can be compared directly with the first 
or second order of standard lines in the visible and ultraviolet and any 
corrections necessary can be determined independent of theory. In case 
known lines appear on the plate this method of direct comparison can 
be used in the first order as well. The wave lengths most accurately 
known, and therefore suitable for standards, are for the regions 1350— 
1900A, aluminum; 1670—1200A, hydrogen (the line of the Lyman series 


17 Sawyer, Astrophys. J., 52, p. 286; 1920. Zn. 
18 Millikan, Bowen, and Sawyer, Astrophys. J., 53, p. 150; 1921. C, Fe, Ni. 
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at 1215.68 is particularly well known from both experimental 
and theoretical data); 1657-904A, carbon; 834-507A, oxygen. The 
oxygen, carbon, and 1215.68A line of hydrogen are particularly 
useful as one or more of these substances usually appear as an impurity 
in most elements. Great care must be used in the identification of lines, 
because many elements having a weak spectrum in the visible, and 
therefore not usually thought of as a possible source of lines in the 
visible, have a very strong spectrum in the ultraviolet. This is particu- 
larly true of the elements of the carbon, nitrogen, oxygen, and fluorine 
families. It is often advantageous to take the spectrum from 2000A up 
on another spectrograph at the same time the exposure in the vacuum 
spectrograph is made, as a further aid in the identification of impurities. 

Elements whose spectra have been studied in this region, have been 
indicated by placing the symbol of the element after the reference 
where the data concerning it is given. Practically all of this data is of 
sufficient accuracy to be of value in checking out lines due to impuri- 
ties. Data of sufficient accuracy (probable error less than .1A) to be 
of use as standards have been indicated with a star. References 
19-28 include all of the important data, available for these purposes, 
which occur in articles that have not been mentioned already. 


NorMAN BripceE LABORATORY OF PHYSICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA. 


19 Saltmarsh, Phil. Mag., 47, p. 874; 1924. P. 

2 Hopfield, Astrophys. J., 59, p. 114; 1924; Nature 112, p. 437; 1923. O, S.* 

*1 McLennan and others, Proc. Roy. Soc., 98, p. 109; 1920. Te, Mo, Zr; Trans. Roy. Soc. 
Can., 15, p. 15; 1921; 17, p. 131; 1924; 18, p. 1, p. 23, p. 57, p. 77, p. 103; 1925. C, Ge, Sc, 
Si, Sn, Pb, Na, K, Rb, Cs, Au, He, H. 

2 Lang, Phil. Trans. Roy, Soc., 224, p. 371; 1924. C, Ca, Ti, V, Cr, Mn, Co, As, Mo, Cd, 
Sn, Sb, Te, Ce, Pt, Au, Tl, Pb, Bi, U. 

% Hopfield and Leifson, Astrophys. J., 58, p. 59; 1924. O, C, H, N.* 

* Fowler, Phil. Trans. Roy. Soc., 225, p. 1; 1925. Si.* 

% Weinberg, Proc. Roy. Soc., 107, p. 138; 1925. In, Ga. 

% Simeon, Proc. Roy. Soc., 104, p. 368; 1923. C. 

27 Wood, Phil. Mag., 46, p. 741; 1923. Zn. 

*8 Millikan and Bowen, Phys. Rev., 23, p. 1; 1924. H, Li, Be, B, C, N, O, F, Na, Mg, 

Al, Si, P, S, Cl, K, Ca, Cr, Cu. 

Proc. Nat. Acad. Sci., 10, p. 199; 1924. B.* 

Phil. Mag., 48, p. 259; 1924. O, N, F.* 

Nature, 114, p. 380; 1924. Be, C. 

Phys. Rev., 25, p. 295; p. 591, p. 600; 1925. P.S, C1.* 
Phys. Rev., 26, p. 310; 1925. B, C.* 
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A FREQUENCY MIXER 
By FREDERICK BEDELL 


For combining alternating currents of two frequencies in various 
known proportions, an induction motor with wound rotor has proved 
useful. A 2-phase motor, with two primary windings is most con- 
venient. Let one winding be connected to a source of electromotive 
force A, of one frequency, and the other winding to a source of electro- 
motive force B, of equal value but of different frequency. As the 
rotor (turned by hand) is given different angular settings 0, where 0 
is the electrical and not the mechanical angle, the secondary voltage of 
one frequency due to A is asin 6; the secondary voltage of the other 
frequency, due to B,is bcos @. Here a and 6 are constants equal when 
A and B are equal, the ratio A/a and B/b depending upon the ratio of 
transformation. 

If source A or source B alone were connected,’ the corresponding 
secondary voltage asin @ or bcos @ would vary between zero and a 
maximum with the position of the rotor, the apparatus then being the 
usual induction potential regulator. When A and B, of two different 
frequencies, are both connected, the secondary has the component 
voltages asin @ and b cos @ of these two frequencies, and in varying 
proportions according to the position of the rotor. As one component 
varies with the sine and the other with the cosine of the angular setting, 
one component increases from zero to a maximum and the other com- 
ponent decreases from a maximum to zero, when @ is changed step by 
step from 0° to 90°. But, as alternating currents or voltages of different 
frequencies add as though they were in quadrature, the root-mean- 
square value of the resultant secondary voltage, +/a? sin® @+-0? cos?@, 
is constant and is independent of rotor position. Thus, if a=100 and 
b=100, the resultant voltage is 100 for all values of @, while the relative 
amounts of the two component voltages vary with @ and are determined 
by the position of the rotor. When the primaries are connected to 
2-phase lines of the same frequency, with a phase difference of 90°, 
the apparatus becomes a phase shifter, the secondary voltage having 
a constant value and a varying phase position depending upon 6. Any 
phase shifter of this type may be used as a frequency mixer as de- 
scribed. To use a 3-phase induction motor for this purpose, T-connected 
transformers should be used between the primary windings and the 
lines. Mr. N. L. Larsen has used this disposition as suggested by the 
writer. 

















COMPLETE SUPPRESSION OF A SINGLE FREQUENCY BY 
MEANS OF RESONANT CIRCUITS AND 
REGENERATION 
By J. A. Stratron* 

The use of parallel and series resonant electric circuits for the sup- 
pression of a given frequency is of common occurrence. In Fig. 1 a 
parallel circuit composed of inductance and capacity is shown inserted 
in the line AB. 


L3 


Parellel Resonant Circuit 
Fic. 1 








The impedance of this circuit is 
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and (1) reduces to: 


(Re—joL)(Rrt+joL) 
SS (3) 


* Research Assistant in Electrical Communication, Mass. Inst. of Tech. 
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The impedance will evidently be a maximum for this condition and 
its value will be the greater the smaller are the combined values of 
R, and Re. A limiting value of infinite impedance is approached as 
the denominator tends toward zero. 

In Fig. 2 the given frequency is again to be suppressed in a portion 
of a circuit, represented here by a telephone, this time by shunting 
it with a series circuit designed to resonate at the desired frequency. 





Series Resonant Circuit 
Fic. 2 


The impedance of the series circuit is 


1 
z=R+ ( jot-—) (4) 
joC 


At resonance this reduces to 
Z=R (5) 


The telephone is therefore shunted at the given frequency by an 
impedance of very low value, being limited only by the combined 
resistance of coil and condenser. 

Since in physical circuits the resistances of both coils and condensers 
have always finite values, neither of these methods is adequate in itself 
to completely suppress a given frequency. Reduction of the resistance 
to a sufficiently low value by proper construction of the coils is in 
general impractical as will be illustrated below. , 

Still another method is available which though it succeeds in com- 
pletely suppressing one frequency has the disadvantage of also greatly 
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reducing the amplitude of the frequency which it is desired to pass. 
Fig. 3a shows a common type of impedance bridge. 

Three arms are composed of resistance and the fourth contains both 
capacity and inductance. The line voltage is applied to points A and 
B. At the resonant frequency the arm AD will act as a pure resistance 
and this may be balanced by the resistance arm DB. The resonant 


c 


D 
Bridge Form of Filter 


Lattice Form of Filter 
Fics. 3a and 3b 


frequency is consequently completely suppressed in the output circuit 
CD. This arrangement is sometimes known as a lattice filter and is 
redrawn as such in Fig. 3b. 

Other filter circuits are possible but in general a sufficient number of 
sections to yield the prescribed degree of “‘cut-off’”’ renders the system 
cumbersome, expensive and inflexible. 

Returning to the parallel circuit of Fig. 1, if the total resistance. can 
be obliterated or even greatly reduced at resonance, the efficiency of 


the circuit will.be greatly augmented. For this purpose regeneration 
suggests itself. 
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A parallel circuit was incorporated as the grid circuit element of a 
three-electrode vacuum tube as is shown in the diagram accompanying 
the curves of Fig. 4. Circuit 1 is tuned to resonance with the frequency 
it is desired to suppress in the line AB. As the amount of regeneration 
is increased the impedance Z,4, to that frequency increases. This is 
illustrated by the curves of Fig. 4. Curve 1 is the resonance curve of 
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Fic. 4. Parallel Resonance Curve with Varying Regeneration. 


the parallel circuit in the case of no regeneration. Resonance is at 
approximately 1081 cycles per second. The flatness of the resonance 
“peak” is exaggerated due to the small range of frequency. Curves II, 
III, and IV correspond to successive increases in the amount of re- 
generation. As the regeneration is increased the maximum impedance 
and sharpness of the resonance curve are correspondingly increased. 
The regeneration may be controlled by varying the coupling between 
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the parallel circuit induction ZL, and the tickler Z2. In this case it was 
found more satisfactory to insert a variable resistance R, in the plate 
circuit. This facilitates the uniform and sensitive control which is 
essential for good results. 

The curves of Fig. 4 were obtained by inserting the circuit element 
AB as one arm of an impedance bridge and measuring the apparent 
impedance for various frequencies in the neighborhood of resonance. 
As regeneration was increased the maximum impedance at resonance 
became so great that considerable difficulty was experienced in measur- 
ing it by this method. Curve IV does not represent the maximum 
resonant impedance obtainable. When telephones were placed in series 
with the parallel circuit it was found possible by very careful adjustment 
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Fic. 5. Parallel Resonant Circuit with Regeneration. 


of frequency and regeneration to completely eliminate any sound of 
the fundamental in the telephones. Harmonics were of course distinctly 
audible. 

It is to be emphasized that the adjustment of both frequency and 
regeneration is extremely critical. With the proper degree of regenera- 
tion the particular circuit used in obtaining the curves of Fig. 4 was 
sensitive to a change in frequency of 0.1 of one cycle per second at 
1000 cycles per second. Due to the non-linear characteristics of the 
tube any slight change in voltage across AB may necessitate a re- 
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adjustment of the amount of regeneration. This effect was accentuated 
in the present instance due to the fact that a UV—201—A tube was used. 

An expression for the apparent impedance of the parallel circuit in 
terms of the circuit constants is derived below. 


V,=hZ; (6) 
E,=—UaV, (7) 
where y, is the absolute value of the amplification constant. 
E,—jwMI2 
= (8) 
Tp 


The voltage drops appearing in the parallel circuit must sum up to 
zero. 


“Hence: 
1,;Z,—12Z.—jwMI,=0 (9) 
Also 
Io=1i1 +1: (10) 


The solution of these equations gives the apparent impedance of the 
parallel circuit: 


V, Z:Zorp+w*M2Z, 
Tg telat ypZ2+o®M?+joMyeZ: 





(11) 


This apparent impedance may be resolved into three components: 


I.—The impedance due to the parallel circuit alone, that is, when 
M =0andu=0 


_ 222 (12) 
Z:+2Z:2 





II.—A component which takes into account the effect of the plate 
coil, M #0, u.=0 
Zi2Z2 wM?2Z ;? 


Z,'= + pee 
Zit+Z2 (Z1+Z:2) (Zitpt+Zoryp+o*M?) 





If Z, is taken equal to © the impedance Zp» reduces to 


w*M? 





Zo=Z2+ 





Tp 


which is evidently correct. 
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III.—A third component representing the modification introduced 
through regeneration: 
Z:Z2 w*M?Z ;? 
ge ob a oe 
Zi1+Z2 (Z:+Z2) (Zirp+Zorptw*M?) 
joMyZ?\Zert+wM?) 


(Ziryt+Zor p+ u®M?) (Zirpt+ Zor +o2®M?-+joM peZ1) 





= OOF cm 
~0 = 











An examination of equation (14) shows that the natural impedance 
(Z:Z2)/(Zi+Z:) of the parallel circuit is augmented by terms which de- 
pend only upon the constants of the tube and the mutual inductance M. 
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Fic. 6. Series Resonance Curve with Varying Regeneration. 


Considering now the series circuit of Fig. 2, it is evident from equa- 
tion (5) that as the resistance is decreased at resonance the voltage drop 
across AB approaches zero. Regeneration is again utilized, the series 
resonant circuit being obtained by opening up the plate element of a 
tuned plate circuit as is indicated in the diagram accompanying the 
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curves of Fig. 6. Circuit 1 is again tuned to the frequency it is desired 
to suppress. The impedance between AB is now only that due to the 
resistance offered by the coil and condenser. The apparent resistance 
is gradually wiped out by increasing the amount of regeneration. 
Regeneration is controlled by a plate resistance R, in preference to 
a variation of the coupling between grid and plate coils. The results 
are illustrated in the curves of Fig. 6. Curve 1 is the resonance curve 
of the series circuit in the case of no regeneration. Curves II and III 
correspond to successive increases in regeneration. As the amount of 
regeneration is increased the total effective impedance between A and 
B approaches zero. As in the case of the parallel circuit method it was 




















Ig 


Fic. 7. Series Resonant Circuit with Regeneration. 


found possible to completely eliminate the sound of any given audio 
frequency from the telephones when sufficiently careful adjustment 
of frequency and regeneration was made. 

The expression for the apparent impedance of the series circuit may 
be derived as follows!: 

The schematic diagram of Fig. 6 is equivalent to the diagram of 
Fig. 7. 

As in the diagram of Fig. 6 the terminals of the series resonant 
circuit L;—C, are A and B. Z, represents the impedance of the external 
circuit applied across the terminals AB and e, the voltage appearing 


1 This case of the impedances of tuned plate circuits has been investigated in a thesis by 
Miss Mabel Macferran prepared in this laboratory in 1925. The derivation of the expression 
which follows is taken directly from that work. 
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across this impedance. The impedance of the resonant circuit [1—C, 
is again measured by a bridge applied at AB and it is to be shown that 
this series impedance is independent of the values of Z, and é,. 





I:+1,—1,=0 (15) 
t_~Ble~ Bde Bidet (16) 
E,= —paV g= — pal —jwM 12) =jpawMI2 (17) 
juaoMI.—M,I,—Zi1,=0 (18) 
The solution of the simultaneous equations gives: 
Phd = Zt Z1(ry+juawM ) (19) 
I, tpt+Ze 


This is the desired expression and it is evidently independent of 
conditions beyond the terminals AB, assuming the direct plate voltage 
is held constant. 

The impedance Z» of equation (19) may be split into components: 

Zip jueMZi 
tpt+Ze Tpt+Ze 
If either M or yu, equals zero this reduces to: 

Z2 1p 
Tot+Zi 

This represents the simple case of the impedance of the coil in series 
with the condenser and tube resistance in parallel. 

The advantages gained by regeneration may be graphically illustrated 
by computing the size of a coil necessary to give the same results in 
the absence of regeneration. In case 1 (no regeneration) of the series 
circuit a coil is used whose inductance is 29.2 mh and whose resistance 
is 4.01 ohms. An approximate calculation for the 


Zo=Z2+ 








Zo=Z2t+ (21) 














dimensions of a coil having these constants and a p— 6 —4 
minimum weight of copper yields the following Yy 
results: Uy 1 e 
Diameter = 2a = 11.2 cm sana | 
b=c=2.4cm nani = 
Total Turns = 572 
Turns per Layer = 24 GAZ 





Diameter of wire = .1003 cm = .0395 inches Yj 


Nearest wire gauge = #18 
Insulation neglected. cin 
Total Weight = 2.46 lbs. 7 
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Using regeneration the resistance of 4.01 ohms is readily reduced 
to an apparent resistance of 0.07 ohms (Curve III). It is now desired to 
design a coil which will have this resistance and the same inductance 
as before (29.2 mh) but without regeneration. The dimensions of such 
a coil are: 

Diameter = 2a = 85.6 cm 

b=c=18.2 cm 

Total Turns = 214 

Turns per Layer = 14.6 

Diameter of wire = 1.245 cm =0.49 inches 
Total Weight = 1086 lbs. 

The weight of the coil is increased in the neighborhood of 440 times 
and the constructional impracticalities are at once evident. The com- 
parative sizes are illustrated by the diagram of Fig. 9. 


Boe 7 
Ti 





85 i cms 





With Regeneration. 


Diagrams to scale showing com- 
parative sizes of coils required to 
obtain the same resonance charac- 
teristics, with and without re- 
generation. 
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Without Regeneration 
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In this paper the possibility of suppressing a given frequency by 
both tuned grid and tuned plate circuits has been discussed. It will be 
noted that the curves of Figs. 4 and 6 indicate a greater sharpness of 
tuning for the tuned grid than for the tuned plate circuit. This may 
be accounted for by the fact that whereas the condenser of the tuned 
grid circuit is shunted only by the very high input resistance of the 
tube from grid to filament the condenser of the tuned plate circuit is 
shunted by the internal plate resistance r, which is relatively low com- 
pared to the resistance of the condenser. From this point of view the 
tuned grid is preferable to the tuned plate circuit. 

ELECTRICAL COMMUNICATION LABORATORY, 


Mass. Inst. oF TECH., 
DeEcemBER 23, 1925. 


Scattering of electrons projected into mercury vapor.— 
The data were obtained with a bulb having near its center a short tung- 
sten filament, a disc-shaped collector facing the filament, and an eccen- 
trically placed anode; the anode was earthed, the filament put at —50 
volts, the emission from the filament adjusted to some chosen value, the 
voltage V of the collector varied, and the current 7 to the collector 
measured as function of V. Under these conditions “the potential in 
the ionized gas is nearly uniform and somewhat above that of the anode; 
the cathode is surrounded by a positive ion sheath in which there is a 
sharp potential drop so that the electrons from the cathode are ac- 
celerated to a velocity exceeding that which corresponds to the P. D. 
between ancde and cathcde.’”’ When the filament emission is only 5 ma, 
the electron-flow into the collector is just stopped by lowering the latter 
to the potential of the cathode; but when it is 10 ma or greater, electrons 
reach the collector even when it is considerably below the cathode- 
potential, in one instance when it is 40 volts below. The i-versus-V 
curve is sinuous in shape, and three stretches of it become more or less 
nearly linear when log 7 instead of 7 is plotted versus V. Each of these is 
associated by Langmuir with a particular class of electrons, endowed 
with a characteristic temperature. One is associated with the primary 
electrons; its slope and location are approximately as if (to take one 
instance, the one cited above) the original group of 50-volt electron 
had been altered into a group moving with a uniform speed equivalent 
to 36 volts, upon which a Maxwellian distribution of velocities corre- 
sponding to a mean temperature of 56000° was superposed. Increase of 
the initial energy of the electrons, decrease of the current-density, and 
increase of the pressure of the vapor, all tend to diminish this effect in 
both its aspects (i.e. the slowing-down of the beam and the spreading- 
out of the velocity-distribution). Some test experiments with crossed 
beams proceeding from two filaments (Langmuir thinks that the 
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primary beam coming from each filament spreads out in a sort of drum- 
shaped volume, with the filament as its axis) indicated that when one 
beam traverses another the spreading-out of the electron-velocities in 
either is magnified if the mercury vapor is not too rare.—{I. Langmuir, 
(Gen. El. Co.); Phys. Rev., (2) 26, pp. 592-604; 1925.] 


Kart K. Darrow 


Dispersion-curves of NaCl and KCl.—Crystalline NaCl is pre- 
sumably composed of atoms like the Ne atom in number and arrange- 
ment of electrons, but with nuclear charges alternately weaker and 
stronger by e than the nuclear charge of Ne; hence a comparison of its 
dispersion-curve with that of Ne is likely to prove instructive. Crystal- 
line KCl is presumed to consist of atoms alternately like the Ne atom 
with excessive, and like the Ar atom with deficient, nuclear charge. 
After a critical examination to the data for the refractive indices of these 
two crystals, Herzfeld and Wolf take what they regard as the best 
data and express each set by a function of the classical form 
(n?—1)/(m?+2) =Ci/ (01? —v*) +C2/ (v2? —*) +C3/ (0? —v*) 
in which m stands for the refractive index at frequency v, and —in the 
classical theory—*, v2, vs for natural frequencies of electron oscillators, 
while from C,, C, and C; the number per atom of oscillators of each 
frequency can be derived. The values assigned to the wave lengths 


corresponding to v;, v2 and v3, and to the oscillator-numbers correspond- 
ing to C;, C2, C3, are 


v1 Ae As pi p2 ps 
KCl 515A 975A 1580A 4.61 4.19 0.25 
NaCl 342A 936A 1543A 2.35 4.41 0.19 


It must be admitted that all these values could be shifted somewhat 
without impairing the agreement (which is never perfect) and that the 
actual values are so chosen that /, is equal to the corresponding factor 
in the dispersion curves for Ar and Ne, respectively (cf. This Journal, 
11, 194). The highest frequency of the three is attributed to the alkali- 
metal ion, the two lower ones to the halogen ion. Persevering on the 
analogy with Ar and Ne, the authors regard v3 as the resonance fre- 
quency and ?; as slightly higher than the ionizing frequency of a Cl 
atom with an extra electron, embedded in the crystal lattice; a curiously 
good quantitative agreement is adduced to support this idea. By the 
same argument ?, is slightly higher than the ionizing-frequency of the 
alkali-metal atoms minus one electron, embedded in the lattice.— 
[K. F. Herzfeld and F. L. Wolf; Ann. d. Phys., 78, pp. 35-56; 1925.] 


Kari K. Darrow 











A NEW DESIGN OF APPARATUS FOR THE STUDY OF 
ROTATIONAL FORCES 


By Paut E. Kiopstec* 


It seems to be the experience of nearly every teacher of college labora- 
tory physics that there are certain experiments which, although they 
deal with comparatively simple relationships, are not satisfactory be- 
cause the apparatus available for them is not well suited for the purpose. 
An illustration is the simple relation f=mw*r. All apparatus for testing 
this relationship which has been described in apparatus catalogs of 
both foreign and American manufacturers is faulty in some respects. 
The designs which are sufficiently simple for student use are incapable 
of giving data that lead to anything more than a suggested agreement 
between computed and observed values of the force, whereas those 
forms which are intended for accurate work are complicated in design 
and construction and are usually so obscure in their operation that the 
student has difficulty understanding them. 

A simple form of centripetal force apparatus is that described in 
Millikan’s and some other manuals. (Cenco No. F1053.) This ap- 
paratus, as well as similar designs in which the centripetal force is 
produced by weights, is unstable, because at the speed at which the 
weight is balanced by the reaction* of the rotated mass, the radius of 
rotation of the latter increases. As a consequence the mass reaction 
increases, and since this is opposed by a constant force, the condition 
of equilibrium cannot be maintained. The result is that in order to 
maintain the condition of “average equilibrium” it is necessary to 
vary the rotational speed above and below the point at which theoretical 
balance is obtained. If there is apparent equilibrium at constant speed, 
the stabilization is the result of friction; and with enough friction 
present to do the stabilizing close agreement between experimental 
4 values of the centripetal force and its reaction cannot be expected and 
much less attained. 

In the design which is to be described in this paper, there were in- 
corporated many features which seem desirable to make the apparatus 
simple in operation and easy to manufacture. The student can readily 
understand the reason for the arrangement of the various parts; and 


* Director in Charge of Development and Manufacturing, Central Scientific Company. 
* The “reaction,” or “mass reaction,” to the centripetal force, to which frequent reference 
, is made in this paper, is called “centrifugal force” in many texts and catalogs. 
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the directness with which he measures the quantities involved in the 
formula makes for clearness of understanding of the physics of the prob- 
em. 

The apparatus* as shown in Figs. 1 and 2 is mounted in a light alumi- 
num frame C approximately 6 by 15 cm. The frame is provided with a 





Fic. 1. 


spindle S which fits the standard chuck of the friction drive rotator 
shown in Fig. 1. The cylindrical mass A is secured in horizontal pivot 
bearings P in which it is free to turn between the stop D and the end of 
the frame. It is provided with two small eyes E, E, located in the axis, 


* Patent applied for. 
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and the position of mass A is indicated by a pointer F relative to a fixed 
index G which is mounted in the axis of rotation. The spring which 
exerts the centripetal force on mass A is designated H. It is secured 
axially in a threaded sleeve J by which its tension can be varied. B is 





er ep oe > 


Fic. 2. 


a counterweight intended to keep the apparatus balanced during rota- 
tion. A circumferential line in the plane of the center of mass of A 
is shown at K.4 This line, together with the line L which indicates 
the location of the axis of rotation, permits measurement of the radius 
of rotation. 
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The illustrations show clearly the method of obtaining the data 
needed in the calculations. In Fig. 1 the apparatus is clamped in the 
vertical socket of the rotator. By means of the knurled screw M the 
speed is adjusted until the end of the pointer is opposite the sharp edge 
of indicator G. This condition of balance is shown in the figure. Having 
noted the reading of the revolution counter NV, the operator engages it 
with the rotator spindle at some definite instant, and by means of 
stopwatch V or with an ordinary watch determines the number of 
revolutions in a definite interval of time. If, during this interval, 
pointer F indicates that the speed of the motor is varying slightly, screw 
M is turned so as to compensate for the variations. The apparatus was 
designed to be very sensitive to small changes in speed. It is therefore 
not difficult to obtain values for the number of revolutions in one minute 
intervals which agree with each other within one or two revolutions. 

After the necessary data for the speed determination have been 
secured the apparatus is removed from the rotator socket and suspended 
from a hook by stirrup Q as shown in Fig. 2. A wire paper clip, or better 
still, a fine wire, is threaded through the eyelet E’ (Fig. 1) and a weight 
carrier R is suspended from it. Weights are then placed on the carrier 
until pointer F again indicates a balance, just as it did during rotation. 
Having determined the weight (including that of mass A) necessary 
to pull the spring to the point of balance, the radius of rotation is 
measured by means of the vernier caliper T between lines K and L. It 
may be observed at this point that by suspending the apparatus and 
weights in the manner shown the axis of the spring will automatically 
be vertical, which is a necessary condition for accuracy in measuring 
directly the pull of the spring. 

From the fact that in this apparatus the centripetal force is produced 
by a spring, it follows that the centripetal force (as also the mass 
reaction) increases with increasing radius. The relative rates at which 
the force and its reaction shall increase with increasing radius (at pre- 
determined, constant speed) are a matter of design; and if the rates of 
increase are made equal, there is set up a condition of critical equilib- 
rium such that the slightest decrease in speed “throws the balance” in 
favor of the centripetal force, while the slightest decrease throws it in 
favor of the reaction. Consequently this would be a condition of ex- 
cessive sensitiveness to speed changes. If, however, the increase of 
centripetal force with radius, at the predetermined operating speed,s 
is slightly greater than that of the reaction, the apparatus remain 
stable, yet very sensitive to speed variations. 
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The mathematical statements covering the above considerations are 
simple. 
Let M =mass of body being rotated in grams 
w =its angular velocity in radians/sec. 
r=radius of path of center of mass in cm 
F, =centripetal force in dynes exerted by spring 
F. = reaction of mass in dynes 
C =spring constant in dynes/cm 
E =elongation of spring in cm 
Then, at equilibrium, 





F,=F, numerically, or 

EC = Mor (Eq. 1) 
dF, 

=C, since F,xr (Eq. 2) 
dr 
dF, 
——— ae Bis? - (Eq . 3) 
dr 


Equations (2) and (3) represent the respective rates of change, with 
radius of the centripetal force and its reaction. If these are to be equal, 
C=Me?. (Eq. 4) 

But (1) must be true simultaneously; hence, if we solve (1) and (4) 
imultaneously we have 

E=r. (Eq. 5) 

The curves of Fig. 3 illustrate the above equations. In this figure 
the Y-axis represents the axis of rotation, and ordinates represent force 
in arbitrary units; distance of the center of mass of the rotating body 
from the axis is represented along the axis of abscissas. 

Assuming constant angular velocity, the increase in mass reaction 
F, with radius is represented by a straight line passing through the 
origin, since under these conditions the reaction is proportional to 
radius only. The slope of the line is Mw*. The straight line F, shows 
the force exerted by the spring at different radii of the mass, the spring 
being unstretched when the center of mass is at a. The slope of this 
line, which is C, is greater than that of F.. F,’ represents the force 
exerted by a spring having a smaller constant than that represented 
by F,, so that an elongation br is required to produce the same force as 


that exerted by the first spring when the latter is elongated by the 
amount ar. 
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At r where the lines intersect, the forces F, or F,’ respectively, are 
balanced by F.. If now the mass is displaced by an amount Ar, the 
corresponding AF,>AF., so that the equilibrium is stable, and the 
mass returns to its original position. For the same increase in r, however, 
AF,’ <AF., and the equilibrium is unstable, with the result that the 
mass continues outward, w remaining unchanged. 

It is possible also to have F, coincide with F., in which case critica 
stability is represented by the graph. The mass is in equilibrium with 
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Fic. 3. 


the pull of the spring at any finite radius. If at critical stability w is 
increased, the slope of F. becomes steeper and immediately unstable 
equilibrium results 

Practically, then, we should have a spring with a characteristic like 
F, in the diagram, with its slope enough steeper than that of F. that, 
with the maximum variation to be expected in w, the slope of F. for a 
given r will never exceed that of F,. Thus we can maintain stability, 
yet retain great sensitiveness to slight changes in speed. 

Fig. 3 also shows that the desirable condition corresponds to an 
elongation of the spring somewhat less than r. It shows also that an 
apparatus like that devised by Professor Richards of the University 
of Pennsylvania and modified by Professor Ingersoll (see Experiment 
18, Ingersoll’s Manual, 1925) is probably more stable than may be 
desirable. In this apparatus a spring is used which is secured to the 
vertical rotating shaft, and which, at equilibrium, has elongated but 
little. Its constant must therefore be very much greater than Ma’. 
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In the present apparatus the elongation of the spring is closely that 
required by Eq. (5) at maximum tension of the spring. The tension 
adjustment J to which reference was made in the description was 
provided to enable the student to test the equation at several different 
values of the forces. It should be noted that at lower values of the ten- 
sion than maximum (at which the critical condition is approached) the 
apparatus becomes less sensitive to speed variations; however, it re- 
mains amply sensitive to permit close agreement among successive 
measurements of revolutions per minute. 

It is interesting to determine the correction to Mw*r resulting from 
the fact that, on account of the mass of the spring, the latter elongates 
slightly during rotation. At first thought it might seem that, since the 
two halves are approximately symmetrical about the axis, each is 
pulling outward with a force ma*r/4, where m is the total mass and 
2r the total length of the spring, so that the elongation might be ex- 
pected to correspond to twice this force, or mw*r/2. That the elongaton, 
and consequently the additive correction to F. (computed from Mw*r) 
is less than this amount will appear from the following analysis. 


p< pL 














Fic. 4. 


In the diagram Fig. 4, let the Y-axis represent the axis of rotation, 
and assume that the spring is close-wound. The following designations 
will be used: 

r=length of half the spring in cm, from axis of rotation to free 

end (approximately true, as required by Eq. (5)) 

= mass of spring from axis to end, grams 


=radius of coil, cm, from axis of cylinder to center of wire 

= number of turns per cm 

gy =torsional coefficient, i.e., angle of twist per cm length of 
wire per dyne-cm torsional moment 

e=elongation in cm 


m 
2 

a 

n 
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The torque on any cross section of wire; at the point P, at distance x 
from the axis, is that needed to balance the reaction of the mass beyond 
m ; . - 

P from the axis. This mass ist (1—x/r),and the center of mass of 


this portion is located at (r+x)/2. The force, which acts along the axis 
of the spring, has a moment in which the lever arm is a. Hence the 
torque on the wire at P is 


~a-9 o 


In a length of wire included within the distance dx, namely 27an-dx, 
the angle of twist d@ produced by the torque ¢ is 


dé = 2rangldx 


Tra*nmw*y x 
mee ( — =) (r+x)dx. 
2 r 


~ 


Now ¢ and C are related by the formula ¢=1/27a'nrC; and the 
elongation e¢ is the product of the twist in the entire length of wire com- 
prising the spring, and the radius of the turns. Hence we may write 


mw? r x? 
e=af d= (- oo ax, or 
4rC 0 r 


mw*r 


6C 











as 


The force corresponding to this elongation is Ce, and twice this 
force is the correction to be added to Mw*r, because the same elonga- 
tion occurs in each half of the spring. Thus 

mw*r 


2Ce=—— - 
3 


Consequently the equation for the total force, with the spring correc- 
tion included, may be written 


F.= (a4 )err (6) 


Although at different tensions of the spring the latter is not exactly 
symmetrical about the axis, symmetry is approximated sufficiently to 
make the above outlined method of correction valid. 
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Table 1 summarizes the results of three sets of measurements, made 
at three different values of the spring tension. The results indicate an 
agreement within 1% between the calculated and directly observed 


























TABLE 1 
Exp. 1 Exp. 2 Exp. 3 
Maximum Medium Minimum 
‘ : Remarks 
tension tension tension 
of spring of spring of spring 
A change in M was 
M (rotating mass), g 196.4 196.4 195.5 made between Exps. 
2 and 3 
r(radius, axis to center of Average values of 3 
mass) cm 5.70 5.69 5.69 measurements in each 
case 
Average r.p.m. found 
w(rad/sec) from number of revo- 
=rpm(2z) /60 56.6 51.5 48.6 lutions during five 1- 
minute intervals 
m (mass of spring), g 12.0 12.0 12.0 
F,, grams, (computed 
from (M+m/3) wr/g 3740 | 3080 2730 Last figure rounded 
Observed tF;, centripetal Apparatus sensitive to 
force exer ed byspring,g | 3760 | 3090 2700 | +10 grams 
wi | 











Note: After the above paper was submitted for publication an improved model of the 
centripetal force apparatus was designed in which the large mass can slide freely between 
three parallel guide rods from a point near the axis of rotation to a point near the end of the 
supporting frame. An indicating pointer is used similar to that described but not attached 
to the mass. The modified form is somewhat better pedagogically, and the results obtained 
in many measurements made with it show much closer agreement between the computed 
and observed values of the centripetal force than those shown in Table 1. 


forces. This agreement—in fact, agreement within 2%—is decidedly 
better than has been attainable by the student with any simple appa- 
ratus heretofore available. 


CENTRAL SCIENTIFIC Co., 
Cuicaco, ILL. 
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Nonflamable Liquids for cryostats.—Several very serious acci- 
dents in laboratories have resulted from the use of flammable liquids, 
such as volatile petroleum distillates, or toluene, to form the bath of a 
cryostat. In some instances explosions have occurred and burning liquid 
has been thrown upon the operator. 

The purpose of this investigation has been to find liquids that will not 
burn, that have very low freezing points, and that are otherwise suit- 
able for use as cryostat liquids. The materials tried were halogen 
derivatives of methane, ethane, and ethylene, and mixtures of these 
substances containing from two to five components. The freezing 
points, and in some cases the viscosities of such liquids, were deter- 
mined. Attention has also been given to their corrosiveness. 

The following liquids are recommended for use down to the limits 
indicated. None of these liquids is flammable. The percentages of 
the ingredients are by weight. 

















Per- 
ss Lowest workable 
Liquid ry temperature limit C 
Carbon tetrachloride......| .... | —23 
CR. iniccd dae an wees | 63 
Carbon tetrachloride... . . 49.4 
—81 

er rrre 50.6 
Ethyl bromide........... wees | 119 
a ea ere 19.7 
Ethyl bromide........... 44.9 
Trans-dichloroethylene....| 13.8 |}—139 
Trichloroethylene......... 21.6 
CROPOIONE oso cccscernes 14.5 
Methylene chloride. ...... 25.3 
Ethyl bromide........... 33.4 |)—145 or —150 
Trans-dichloroethylene....} 10.4 
Trichloroethylene.........| 16.4 
Chloroform.............. 18.1 | 
Ethyl chloride........... 8.0 | 
Ethyl bromide........... 41.3 |} About - 150 
Trans-dichloroethylene....| 12.7 
Trichloroethylene......... 19.9 
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A HIGH TEMPERATURE THERMOMETER 
By SYLVESTER BovER 


ABSTRACT 


High Temperature Thermometers. The thermometer resembles that of the mercury in glass 
type but is graduated to 1000°C. It uses fused quartz as the container and the rare metal 
gallium as the filling liquid. 

The paper includes a brief description of the Properties of Gallium with reference to its 
use in thermometers. Gallium is the only metal with a low melting point (29.7°C) and high 
boiling point (1500-2000°C). Together with these unusual properties and that of under- 
cooling (— 20°C or below) which makes it an ideal thermometric liquid if it were not for the 
tendency to wet glass and quartz surfaces. 

The experimental investigation recounts the method for overcoming the wetting property 
whereby additional information was obtained on the properties of gas solution; surface 
oxidation, undercooling of liquid gallium and the effect of impurities on increasing the wetting 
property. 

The filling operation in preparing the thermometer and the successful method of etching 
quartz and marking the graduations are briefly described. 


The new thermometer resembles that of the well known mercury 
thermometer. But unlike the latter its upper limit is about 1000°C, 
500°C being that of the mercury in glass instrument. It utilizes fused 
quartz as the container and in place of mercury the rare metal gallium. 
The suitability of fused quartz for a thermometric container has long 
been known. Professor Elihu Thomson pointed out this application 
twenty-five years ago. The suitability of fused quartz for thermometers 
is due to its clearness, lack of hysteresis compared to glass, small 
coefficient of expansion and its high melting point. 

Although gallium possesses certain properties, such as high boiling 
point, very necessary for its use in high temperature thermometers, its 
property of wetting vitreous substances, such as glass and quartz, has 
hitherto prohibited its use for this purpose. This deficiency was pointed 
out by Lecoq-de Boisbaudran soon after its discovery in 1876. 

Scientific laboratories have felt a need in the past for an accurate 
temperature measuring device because thermocouples are inconvenient 
and unreliable for those not especially accustomed to their uses. Such a 
temperature measuring device has also been needed in commercial 
industries because pyrometers must be frequently recalibrated. Even 
in the upper limits of the glass thermometers the high pressure required 
to raise the boiling point of the mercury enhances the hysteresis of 


the glass which makes these thermometers especially inaccurate over 
the 350-500°C range. 
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This need for an accurate high temperature measuring device could 
not be supplied for lack of a suitable metal with a high boiling point 
which will flow through a capillary tube without wetting or tailing 
between temperatures of 0°C and 1000°C. 

The first problem, therefore, was the preparation of a suitable filling 
liquid. Such a liquid must remain liquid at 0°C or below, have a high 
boiling point, not attack the container at 1000°C and must flow freely 
through capillary tubes without tailing or the thread breaking. 

PREVIOUS WORK ON FILLING LIQUIDS 

Mercury in quartz thermometers (graduated to 750°) have been made 
in Germany in limited numbers, the boiling point of mercury being 
raised by using gas at high pressure within the tube. The thermometer 
had to be jacketed giving the appearance of the known Beckman type. 

Dufour' realizing the limits of mercury for high temperature measure- 
ments attempted to substitute tin as the filling liquid but he was not 
successful. The emergent thread of molten metal no doubt solidified 
in the stem which fractured the bulb when further expanding. The 
writer has found that the metal, which has a melting point above 
75—90°C, will not be heated by conduction sufficiently through the 
projecting metal thread to maintain it in the liquid state. (Obviously 
a number of variable factors affect the exact temperature at the top of 
the emergent thread, such as the temperature of the room and the air 
currents.) 

Sodium-potassium alloys have been tested as substitutes for mercury 
because of their relatively high boiling points. But because they are 
almost impossible to manipulate without becoming surface oxidized, 
they always thereby wetted the quartz because of the reaction of these 
oxides with the quartz at elevated temperatures. 

The writer some years ago undertook a research? concerning the 
difficult problem of the purification of gallium and the determination 
of some of its physical and chemical properties. During this investiga- 
tion the basic preparation was made for the present development. It 
was observed that some of the properties of gallium depend on the 
treatment. More recent investigations in this laboratory on the possible 
commercial applications of gallium have verified the earlier conclusions 
and have demonstrated the suitability of gallium as a thermometric 
liquid. ‘The wetting of glass and quartz surfaces by liquid gallium which, 


1 High Temperature Measurements, p. 365, 1911, by Burgess Le-Chatelier. 
? Richards and Boyer, J. Amer. Chem. Soc., 43, p. 274; 1921. 
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as noted above, had prohibited its use as a thermometric liquid, was 
found to depend on the gas pressure above the metal, the purity of the 
metal, surface oxides, water films, and absorbed or dissolved gases. 
This paper briefly recounts these experimental observations. But before 
beginning this description a number of the properties of gallium will be 
recounted. 


PROPERTIES OF GALLIUM 


Gallium is one of the rare metals occurring in the third group of the 
periodic table of the elements. Thus it resembles aluminum and indium 
in some of its properties. Like aluminum and indium it has a high 
boiling point, about 1700°C but unlike aluminum which melts at 657°C, 
it melts at 29.7°C. Indium melts at 155°C. Lecoq observed that 
gallium may be undercooled to 1 or 2°C before solidification if care was 
taken to avoid the addition of a crystal of the solid. 

Both pure and impure gallium expand* upon solidification. 

Like aluminum, a thin layer of surface oxide readily forms which 
protects the metal from further oxidation. The first observers concluded 
that gallium was not subject to such oxidation. Subsequently, measure- 
ments of surface tension by the flat drop method indicated surface 
oxidation in spite of laborous efforts to avoid it. 

Lockyer‘ observed that no gas was evolved upon heating in vacuo. 
On the contrary,’ others have observed that bubbles of gas were evolved 
when the solid metal was immersed in hot water. 

Gallium readily reacts with the halogen gases or with the correspond- 
ing acids, forming salts. Among these the chlorides are formed most 
easily. The dichloride melts at 164°C and boils at 535°C. The tri- 
chloride melts at 75.5°C and boils at 210—215°C. 

Recent work on gallium in this laboratory has added to the general 
knowledge concerning the following properties: 

(1) Gallium when highly purified and sealed in quartz tubes under 
2-5 microns pressure could be undercooled often to —20°C without 
becoming solid. But in the presence of mere traces of bismuth the 
amount of undercooling was lessened and often at room temperature 
the liquid would solidify. Certain impurities in appreciable quantities 
such as tin and indium did not affect this property of undercooling. 
Traces of zinc had but little effect. The effect of larger quantities is 

3’ Richards and Boyer, 43, p. 274; 1921, 

* Chemical News, 43, p. 101; 1879. 

5 Lecog and Jungfleisch Bull. Soc. Chim., (2), 31, p. 50; 1879. 
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not known since most zinc was volatilized under vacuum and remove: 
before filling the thermometer. 

(2) The tendency for surface oxidation was very visible when fillin; 
the thermometer. The degree of surface oxidation was found greate: 
than is reported in the current literature. The tendency toward oxida 
tion increased the tendency for wetting quartz, films, scarcely per 
ceptible, making impossible the use of the metal for the thermometric 
liquid. Thus the metal during manipulation had to be completely 
protected from surface oxidation. Use was made of the reaction between 
surface oxides of gallium and warm hydrochloric acid. A thin film of 
chlorides protected gallium from further oxidation until it was placed 
in vacuo, after which the surface compounds were volatilized and 
gallium assumed the appearance of a globule of mercury. The usual 
method of removing and preventing oxidation in an atmosphere of 
hydrogen was found prohibitive because gallium absorbs or dissolves 
gases which were difficult to remove completely when the thermometer 
was being filled. 

(3) Additional facts pointing toward the evolution of gas were 
brought to light during the conditioning of gallium for a thermometric 
liquid. One of the most difficult factors to control during the production 
of the thermometer was that of complete removal of gas from the metal. 
Since the metal used in this investigation was deposited electrolytically 
from acid solution, it contained hydrogen. In order to remove the gas 
a large drop of metal was placed in a quartz container, held under 
vacuum of 2-5 microns for several hours and repeatedly heated to 
1000°-1100°C and cooled to room temperature until no more gas 
bubbles appeared between the surfaces of the metal and the walls of 
the container. During this process it was observed that upon cooling 
to 400-500°C a large gas bubble would first appear and when the metal 
was heated to 1000°C the gas bubble would again go into solution, 
indicating that hydrogen is more soluble at temperatures above — 
400-500°C. The bubbles of gas appeared to be hydrogen since they did 
not tarnish the heated metal as oxygen did. 

Argon in the presence of gallium was much more difficult to remove 
than hydrogen. Its liberation took place at a lower temperature and 
in much larger quantities. 

The removal of gas from gallium also added to the brilliancy of its 
surface and seemed to lessen the ease toward surface oxidation. 

(4) The effect of metal impurities on gallium toward wetting quartz 
was also investigated. As is well known impurities in mercury increases 
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its tendency for wetting glass. A similar behavior was anticipated for 
gallium. The impure gallium contained indium, zinc and lead and traces 
of germanium, arse: ic and bismuth. Lead, indium and bismuth, when 
added to pure gallium, did not increase the tendency for wetting 
quartz. But zinc did, as was expected. The effect of arsenic is uncertain. 
All but traces of zinc and arsenic were removed during the heat treat- 
ment of gallium under vacuum during the filling process. The electro- 
lytic method was used for freeing gallium from its principal impurities. 
The exact procedure reported previously® was used ,, 
and found very effective. 

METHOD FOR FILLING CONTAINER 


The process developed for filling the thermometer 
consisted briefly as follows: The metal was freed from 
oxide by treatment with hydrochloric acid. When the 
surface became bright, it was solidified under the acid 
and the excess acid removed from the surface with filter 
paper. The surface chlorides thus formed protected 
the metal during transference to the vacuum appara- 
tus. When the metal was finally heated, after a good 
vacuum had been obtained, the surface coating was 
volatilized and the metal surface became very bright. 
The metal then assumed the appearance of a globule 
of mercury. The purified gallium was then introduced 
into the thermometer from the pre-treatment cham- 
ber. (Fig. 1.) (a) The gas bubbles formed when the 
metal came in contact with the quartz, were finally 
removed to a chamber (b) containing the reserve 
metal. This chamber was sealed ofi from the ther- 
mometer at (c) after the thread was set. The time of 
evacuation, temperature and duration of heating were 
variable, depending upon the previous history of the 
metal. In order to obtain a successful thermometer 
the metal had tobe oxide free, gas free, and free from 
the volatile impurities. This has all been accomplished ; ™ 
and thus gallium has been transformed to an ideal rae % 
liquid for high temperature thermometers. A number of these ther- 
mometers have been made during the investigation and have func- 
tioned very satisfactorily. Others have been loaned to various investi- 
gators for further tests. 

6 J. Amer. Chem. Soc., 43, p. 274; 1921. 
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MARKING AND CALIBRATION 


The marking and calibration of the gallium-in-quartz thermometer 
presented several new and difficult problems. Quartz is very difficult 
to etch. With cold hydrofluoric acid the total surface was finally) 
attacked since the usual protective coatings for glass did not protect 
in case of quartz because of the tendency to dissolve at the sides‘a: 
well as downward. Hot dilute hydrofluoric is better in this respect 
It was, therefore, necessary to find a coating of sufficient protective 
properties at 90°C-100°C. Polymerized china wood oil adequately 
served the purpose. Hot dilute hydrofluoric acid could now be used 
and the surface of the quartz was protected and the marks were 
relatively sharp and deep. The etching alone is satisfactory where 
accuracy is desired for materials spread when fused in the etched marks. 
When greater visibility is demanded, a composition to color the etched 
marks may be used. After the usual trial samples, it was found that 
sand and copper oxide in certain proportions would form a sharp 
greyish-black mark which was resistant to most chemical reagents, 
and to heat treatment at 1000°C. Thus a very satisfactory method for 
marking the graduations was developed. 

The fixed points on the thermometer scale were determined by com- 
parison with a thermocouple as standard, or by direct comparison with 
certain well known standards for temperature. Temperatures in the 
range of 700°C and above presented a greater difficulty since the ther- 
mometer had to be protected from the action of the metals, or the 
sodium chloride used and thus greater uncertainty in the accuracy 
of calibration was experienced. 

Acknowledgments are made to Dr. Edward R. Berry for his con- 
tinued interest in this investigation and to Mr. Berthold Niedergesass 
for the many valuable suggestions on the method of filling and the care 
of fused quartz. 

(1) This paper includes a description of a process for overcoming the 
tendency of gallium for wetting quartz. 

(2) A brief description of the process for filling the quartz ther- 
mometer and the method for marking the graduation. 
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